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Abstract
Many metalloporphyrins are catalysts for the oxidation of organic substrates using 
oxidants such as hydrogen peroxide or oxygen. They have been much studied, but the 
factors that influence their reaction with oxidant within the initial (~ 1  s) period are 
poorly understood and have been studied in this work.
The research used the stopped-flow technique to obtain the first direct measurement 
of the equilibrium constant K  for the important complexation of hydrogen peroxide to 
tetrakis(pentafluorophenyl)porphyrin iron(III) chloride Fe-1. In addition it provided 
direct measurement of rate constants for key steps in the mechanism.
Specifically, a complex Me0 H:Fe™:H2 0 2  (388 nm) is produced from the initial 
reaction in MeOH of Fe-1 (404 nm) with H2O2 (log K  2.39), then this undergoes 0 - 0  
bond cleavage, being quickly converted to F e^ = 0  (408 nm) (kf 4.4 s'b- This species 
itself oxidizes (is reduced by) excess H2O2 (kr 54.3 M'^s'b to regenerate the 
Me0 H:Fe^:H2 0 2  complex, setting up an equilibrium between this complex and 
F e^= 0 . As the proportion of DCM increases the value of log K  falls, although in 3:1 
MeOH-DCM changes are small (log K  1.39, kf = l  s '\  kr = 20 M'^s'b-
In all cases after ~ 1 s decomposition (bleaching) is observed. Addition of an 
oxidizable substrate HNQ gives a MeOH:Fe™:HNQ complex (log K  3.27 and 4.29 in 
MeOH and 3:1 MeOH-DCM, respectively), but under the reaction conditions used 
(mM H2O2 vs. pM HNQ) is displaced by H2O2 to give Me0 H:Fe™:H2 0 2 , and the 
reaction proceeded as in the HNQ-free case.
Finally, when oxidizable substrate HNQ was added to a preformed mixture of 
Me0 H:Fe™:H2 0 2  and F e^= 0 , it had little effect and reaction kinetics (kf, kr) on the 
spectra. This was interpreted to mean that F e^ = 0  does not react with HNQ, and more 
speculatively, that the often-proposed Fe^=0 or por'^*-Fe^^=0 may not be involved, at 
least under these conditions.
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CHAPTER 1
CHAPTER 1: General Introduction
1.1 Porphyrins
Porphyrins are heterocyclic macrocycles, composed of four aromatic but weakly basic 
pyrrole (5-membered) rings joined at their carbon atoms by methine (=CH-) 
bridges.The aromaticity of these molecules follows the order of Hiickel's rule; 
possessing 4n+2 n (22 n electrons in total) electrons that are delocalized over the 
macrocycle/ The saturation of one pyrrole double bond results in a chlorin, consisting 
of three pyrroles and one pyrolline (dihydropyrrole) coupled by four methine linkages 
(Figure 1.1). Further reduction of the double bonds forms bacteriochlorins and 
isobacteriochlorins as shown in Figure 1.1.
NH
HN
NH
HN
NH
HN
II
NH
HN
III IV
Figure 1.1 Chemical structures of porphyrin and its reduced (of double bonds shown in red) 
metabolites: Porphryin (I), Chlorin (II), Bacteriochlorin (III) and Isobacteriochlorin (IV).
The most well-known member of the porphyrin group is heme (Figure 1.2) because of 
its biological importance in haemoglobin, which is so-called because of its iron- 
containing prosthetic group. However, heme is also an important component of many 
proteins such as catalase, peroxidase and the cytochrome P450s. Via their heme 
groups, all of these enzymes utilize oxygen and its partially reduced forms in a variety 
of oxidation reactions. The important roles of these enzymes in biochemistry and 
specifically, toxicology, have given rise to numerous studies of naturally occurring 
materials (enzymes), but also on models, which are mimics of heme-containing 
enzymes.
HO
Figure 1.2 The structure of heme (iron protoporphyrin IX).
Hemin is the Fe(III) oxidation product of heme, and as a naturally occurring 
metalloporphyrin (M-P) is a common prosthetic group of heme-containing enzymes 
and artificial analogs. Many such artificial M-Ps with different ligand structures and 
central metal ions have been synthesized to imitate heme-containing enzymes. 
Furthermore, in order to increase the catalytic capability and specificity of biomimetic 
enzymes (also called artificial enzymes), the effects of changing structure have been 
studied. For example, the effects of axial ligands have been studied because M-Ps
with axial ligands (like cytochrome P450’s; Figure 1.3) have been found to have 
higher specificities and catalytic activities than those without axial ligands.^
Figure 1.3 Schematic representation of the catalytic site of a cytochrome P450. Typically a 
cysteinate (X or Y) serves as an axial ligand for the iron atom of a cytochrome P450.
Cytochrome P450s (see Figure 1.4) are a group of oxidising enzymes involved in a 
variety of metabolic processes such as cholesterol metabolism, steroidogenesis, and 
the detoxification of xenobiotics within the liver.^ As a result of their fundamental 
importance, this superfamily of enzymes has been extensively investigated, modelled 
and mimicked over the past 35 years. More recently, the enzymes have been modified 
and mutated to obtain insight into the mechanisms of catalysis. During this period, the 
range of biomimetic model systems developed in the laboratory has expanded 
considerably. The synthetic analogues of cytochrome P450s have evolved from 
simple sterically-hindered porphyrin models to more complex model systems 
combining cavities, such as cyclodextrins (CDs) that are useful for their substantial 
functional groups that act in molecular recognition. The same property is used for 
targeted drug delivery and analytical chemistry as modified CDs show increased 
enantioselectivity over native CDs and can therefore be utilised to generate substrate 
specificity and stereoselectivity in product formation.^
betc-
beto—1
Figure 1.4 Cytochrome P450
The research extends beyond cytochrome P450s to metalloproteins in general, which 
are important catalysts of oxidation and hydroxylation reactions in their own right.
The cytochrome P450 group of enzymes belongs to the mechanistic group known as 
monooxygenases, which incorporate one oxygen atom of molecular oxygen into 
organic substrates, while reducing the remaining oxygen atom to form water. All 
cytochrome P450 enzymes contain a binding site, situated next to a catalytically- 
active iron protoporphyrin IX molecule. Together with a number of other proteins, 
e.g. chloroperoxidase and nitric oxide synthase, cytochrome P450 belongs to the 
group of heme thiolate proteins,^ which feature a proximal thiolate ligand from the 
amino acid cysteine. It is this group that is responsible for the absorption of light 
towards the red region of the electromagnetic spectrum (420 to 450 nm) upon CO 
complexation to the reduced enzyme, which is the origin of the name ‘cytochrome 
P450’.^
So far, this discussion has focussed on iron as the chelating metal found in hemes, but 
other metalloproteins are composed of porphyrins incorporating many alternative 
metal ions into their structure.^ For example, magnesium is found in the numerous 
chlorophylls and bacteriochlorophylls,^ and in more highly reduced tetrapyrrole- 
derived compounds, other metal ions are found; these include vitamin B 1 2  
(containing cobalt) and factor 430 (a methylreductase of Methanobacterium 
containing nickel). The mechanism utilized in the mode of action of metalloprotein 
catalysis often involves changes in the oxidation state of the central metal. In 
particular, tetrapyrrole-derived macrocycles are able to accommodate various 
oxidation states (and therefore metal ion size) due to the flexibility and adaptability of 
the basic chelating system.
For the purpose of this research, only common mechanisms of the most widely known 
porphyrins will be discussed.^ Thus, the information provided will be mostly focused 
on the two most common porphyrin types; these are the peripherally octasubstituted 
porphyrins exemplified by 2,3,7,8,12,13,17,18-octaethylporphyrin (H2OEP; Figure 
1.5, 1) and me^o-tetrasubstituted systems such as 5,10,15,20-tetraphenylporphyrin 
(H2TPP; Figure 1.5, 2). Some variations on the themes of these two systems will also 
be mentioned; however, it should also be noted that, for example, 2,7,12,17- 
tetramethyl-3,8,13,18-tetraethyIporphyrin 4 is so insoluble in most organic solvents 
that they are rarely, if ever, used by porphyrin practitioners. Also, making differently 
substituted porphyrins can be complicated (Scheme 1.1).
■NH
HN
Figure 1.5 The structure of 2,3,7,8,12,13,17,18-octaethylporphyrin (1), and the structure of 
5,10,15,20-tetraphenylporphyrin (2).
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Scheme 1.1 Synthesis of porphyrins.
1.2 Structural Considerations
All porphyrins are derivatives of the parent methylene bridged tetrapyrrolic 
macrocycle, porphine (Figure 1.6). Even though the numbering system for lUPAC 
nomenclature is in use, non-IUPAC nomenclature is preferred by the researchers in 
this field. The methylene bridge carbons (5,10,15,20) are also known as the meso- 
positions, whereas the peripheral pyrrolic carbons (2,3,7,8,12,13,17,18) are termed the 
P~ positions.
NH
HN
Figure 1.6 Structure of Porphyrin
The porphyrin ring is a conjugated tl -system, where a number of pathways through 
the ring involve 18 Tt-electrons, in accordance with the Hiickel '4n + 2' rule for 
aromaticity. The ring is planar, rigid and has NMR chemical shifts, typical of 
aromatic compounds.^ The ring is also a good tetradentate ligand, readily coordinating 
metals through the four pyrrole nitrogens, to form metalloporphyrins. Most metals 
take up axial ligands to complete their coordination sphere, and as mentioned above, 
this increases specificity and catalytic ability. An important property of 
metalloporphyrins is that they can be oxidized; electrons can be abstracted from the 
porphyrin ring, the chelated metals, or from both.^’^ °
An approach to studying the fundamental ehemistry of important biologieal proeesses 
eatalyzed by metalloproteins has been the use of synthetic metalloporphyrins as 
models. Use of protein-free iron protoporphyrin IX for in vitro studies has not been 
successful as the porphyrin moiety is reaetive (partieularly at the m^5o-positions and 
the vinyl groups) and therefore requires the protein structure as a stabilising agent. 
The mg50-tetraphenylporphyrin (TPP) (Figure 1.7) is more stable than protoporphyrin 
IX, and importantly, ean be readily prepared using simple synthetie pathways. Thus, 
TPP and its derivatives, with a wide variety of coordinated metals, have been 
extensively studied.
j .
Figure 1.7 Structure of mcso-tetraphenylporphyrin.
In addition to their well known biological relevance, the catalytic redox activity of 
metalloporphyrins may lead to their use as catalysts for synthesis or industrial 
manufacturing. The potential to perform important reactions catalyzed by enzymes, 
while avoiding the difficulties associated with complicated biological systems, is very 
exeiting and promising to synthetic chemists.
Although capable of oxidizing un-activated alkanes and alkenes, oxidation reactions 
using metallated TPP are eharacterized by low rates and product yield/^ In the 
presence of molecular oxygen, iron(III)-TPP dimerizes through a bridging oxygen 
atom, as shown in Figure 1.8/^ The dimer itself is not catalytically active, which 
when coupled with the oxidative destruetion of the porphyrin, are the likely causes of 
the observed low eatalytie ability.
P —CT D  = Porphyrin
On
P—<Fe055> O P—CEg
2 P— 2 P—  ^ 2
P—<f e â n î ) 
p-oxo dimer
Figure 1.8 Formation of iron(III) porphyrin p-oxo dimers.^^
The chemical properties of the molecule can be substantially altered through 
struetural modification of the porphyrin periphery. Many researchers in this field have 
prepared modified porphyrins that are more robust and efficient oxidation catalysts 
than TPP. "^  ^ Since the phenyl and porphyrin rings are sterically constrained to be 
essentially perpendicular to each other, the use of bulky substituents on the ortho­
phenyl position (Figure 1.7) prevents formation of the oxygen d i m e r , t h u s  increasing 
catalytic activity.
1.3 Iron porphyrins and their derivatives
Iron porphyrins and chlorins contain four-, five-, or six-coordinate metal ions, with 
formal oxidation states for iron ranging from 0 to +4. They are formed by substituting 
an iron atom for the two central protons of the macrocycle.
In general, coordination of strong field ligands results in six-coordinate, low-spin, 
ferric and ferrous porphyrin or chlorin complexes. The typical structure of a five- 
coordinate ferric porphyrin complex is shown in Figure 1.9, indicating that the iron 
atom is positioned at the distance d from the macrocyclic plane. In contrast, in the six- 
coordinate iron porphyrins, the iron atoms are in, or very close to, the plane of the 
macrocycle.
X
Metal
N
Center of plane
Figure 1.9 The structure of five-coordinate iron porphyrin complex
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The energy levels and electron occupancy of the 3d orbitals of Fe(III) (d^) and Fe(II) 
(d^) are shown in Figure I.IO/^ The spin state of the enzyme-substrate complexes are 
governed by the nature of the porphyrins and the ligands (including the axial and the 
substituent ligands). In general, coordination of the strong field ligands results in six- 
coordinate, low-spin Fe(II), Fe(III) complexes. Weak field ligands, such as -Br and -T 
, will result in both five- and six-coordinate high-spin complexes. In certain cases, 
some very weak ligands, e.g. CIO4 and SOgCFs',^ '^^^ give rise to five-coordinate 
intermediate-spin and spin-admixed intermediate ferric porphyrins (the nature of the 
intermediate state merits this description because while a pure S = 3/2 ground state 
would have a d orbital (dzx,dyz)^(dz^)\dx^-y^)® there is the possibility of spin orbital 
coupling with a nearby S = 5/2 state to give a new quantum mechanically admixed 
intermediate state, S = 3/2, 5/2 state). Uncomplexed ferrous porphyrins, such as 
Fe°TPP, exist in intermediate-spin states.^^’^ ^
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Figure 1.10 Energy levels and 3d electron occupancy of Fe(II) and Fe(III) porphyrin systems 
(octahedral).^^
Iron porphyrin complexes have been studied extensively in their common oxidation 
states, iron(H) and iron(III), the properties of which are well understood or which can 
be predicted with good accuracy and confidence from their X-ray crystal structures, 
Mossbauer, proton NMR and resonance Raman spectra. The process of reduction of 
Fe(III) to Fe(II) in porphyrin complexes is thus a well understood process, where two
12
electron reduced iron porphyrins tend to be more nucleophilic, compared with the 
ferric and ferrous states, which are electrophilic. The increased nucleophilicity of low 
valent metalloporphyrins is important for their use as catalysts.
Metalloporphyrins are effective catalysts for oxidation of organic compounds, 
hydroxylation of alkanes and epoxidation or hydration of alkenes.
1.4 Organic substrate oxidations catalyzed by metalloporphyrins
In the oxidation of substrates catalyzed by metalloporphyrin with oxidants, the 
formation of the intermediate is believed to occur before the addition of the substrate. 
Some or all of these intermediates may be involved as an oxidant-metal(III) porphyrin 
intermediate: to begin with or when H2O2 is used as oxidant M ^-H 2 0 2 ,
followed by directly occurring 0 - 0  bond homolytic cleavage to give metal(IV) 0 x0  
porphyrin (por-M ^=0), or 0 - 0  bond heterolytic cleavage to give high-valent 
metal(IV) 0 x0  porphyrin cation radical intermediate por^'-M ^=0 or por-M"^=0.^®‘^  ^
The oxidation of the substrate occurring via one of these, depends on many factors 
(see Chapter 2).
The following figure (Figure 1.11) represents the previous literature reviewed on the 
topic of oxidation of organic substrates catalyzed by metalloporphyrins according to 
Che and Huang in 2009.^^
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Figure 1.11 Metalloporphyrin-based oxidation systems involved in previous reviews.32
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1.5 Alkane hydroxylations catalyzed by metalloporphyrins
Alcohol was reported as a major product in the hydroxylation of alkanes catalyzed by 
iron porphyrins with hydrogen peroxide in acetonitrile solvent; ketone was a minor 
product when the reactions took place at 25 °C or -40 °C. The reaction was proposed 
to involve a high valent iron(IV) porphyrin cation radical intermediate.^^’^ '^  Rebelo et 
al. in 2005^^ reported that the high valent metal(IV)-oxo porphyrin Ti-radical cation is 
present in three main resonance hybrid forms as the following
Spin O
inversion i? ?
MV — ■*------ *- — M "' — -  — M'V —
L L 1,
Low spin High spin
Oxo-species 
(Electrophilic species)
The same products with high alcohol to ketone ratios were observed via the same 
reactive intermediate in the oxidation of several alkanes catalyzed by electron- 
withdrawing substituted manganese porphyrins using iodobenzene diacetate 
PhI(0 Ac)2 as oxidant at room temperature in an ionic liquid.^^
1.6 Alkene oxidations catalyzed by metalloporphyrins
The major products of the oxidation of alkene catalyzed by metalloporphyrins with 
various oxidants in aprotic or protic solvents at room temperature were oxides with 
significant yield of alcohol and ketone via proposed reactive intermediates.^ '^"^®
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1.6.1 With oxygen atom donors
Many oxidants have been used in the oxidation of alkenes catalyzed by 
metalloporphyrin such as alkylperoxides ROOH, tert-h\x\.y\ hydroperoxide t- 
iodosylbenzene sodium hypochlorite NaClO/^'"^^ sodium
periodate NaI0 4 ,'^ '^'^  ^ mgfa-chloroperoxybenzoic acid m-CPBA,^'^’'^  ^ and potassium
peroxymonosulphate KHSO 45,46
In 1995, Bimbaum et found that the main product of the oxidation of 
cyclohexene catalyzed by iron porphyrin with iodosylbenzene PhIO was cyclohexene 
oxide. Both cyclohexenol and cyclohexenone were also observed; again the reaction 
was proposed to go via a high valent metal oxo intermediate. In spite of that, in 2003 
Li et al^'^ found that iodobenzene diacetate PhI(OAc)2 was a more effective oxidant 
than PhIO in the epoxidation of olefins catalyzed by manganese porphyrin in ionic 
liquid at room temperature; the product was epoxide in good yield, and the yield 
depended on the substrate, although the reactive intermediates involved were the 
same.
Groves and Watanabe in 1988"^  ^studied the m-CPBA and metalloporphyrin oxidations 
and claimed that in polar solvents only 0 - 0  heterolytic bond cleavage occurred, to 
give a high-valent metal(IV) oxo porphyrin cation radical porphyrin intermediate 
(por^*-M^=0) which was responsible for the oxidation process. However, in 2000 
Nam et reported 0 - 0  homolytic bond cleavage at -60 °C in a mixed solvent of 
MeCN-DCM to give oxo metal(IV) porphyrin (p o r-M ^ O ) in addition to the former 
intermediate, and that both of them play a role in the oxidation reaction depending on 
the anionic axial ligands in the metalloporphyrins.
Liu et al.^^ used NaClO, NaI0 4  and KHSO5 to achieve oxidation of styrene using 
different central metals of metalloporphyrins in an aprotic solvent. They found that 
many factors affected the yield of styrene product formed via the high-valent metal 
0 x0  porphyrin cation radical intermediate. A similar result was observed by Gob and 
Nam"^  ^when using f-BuOOH as an oxidant.
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1.6.2 With molecular oxygen O2
Alkenes such as cyclohexene are oxidized by manganese or iron porphyrins in the 
presence of molecular oxygen as an oxidant and NaBIL as reductant, and according to 
Meunier^^ it is not possible to detect cyclohexene oxide due to its fast reduction by 
borohydride to cyclohexanol, so the main products are cyclohexanol and 2 - 
cyclohexen-l-ol (in 80/20 ratio). In these reactions catalyzed by manganese 
complexes, a metal-oxo species is the expected active species. However, when the 
cyclohexene oxidation with molecular oxygen and sodium borohydride is catalyzed 
by rhodium(III) or cobalt(III) porphyrins, this is not the case, the main product being 
alcohols; the catalytic cycle of this reaction is most likely to involve a metal-alkyl 
complex, which then subsequently reacts with molecular oxygen.
Aldehyde as reductant was also used with molecular oxygen and metalloporphyrins in 
the epoxidation of organic substrates, where the aldehyde autoxidized via a free 
radical intermediate to acid accompanied by the formation of carbon dioxide, then an 
oxygen atom transferred from the acid to the substrate to produce alkene oxide (see 
the details of the mechanism in the next chapter Scheme 2.3)."^ '^^ ^
In the absence of reductant when using Mn(III)-porphyrin as catalyst with molecular 
oxygen, substrates such as cyclohexene were also oxidized to give alcohol, ketone and 
a very low yield of oxide."^’^  ^However the main product was epoxide in the absence 
of reductant when Ru(II) porphyrins were used as catalysts
1.6.3 With hydrogen peroxide H2O2
There are many advantages to using hydrogen peroxide as a non-selective and cheap 
oxidant^^’^ ^
1- It is widely available and is itself used to prepare many other oxidants, such as 
potassium hydroperoxysulphate and sodium perborate, which means that even 
if these are used it constitutes consumption of H2O2.
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2- It has 47% active oxygen content (the ratio between the molecular weight of 
oxidant and the weight of oxygen that can be transferred to a suitable
substrate) compared with lower % for other oxidants.
3- Decomposition to water as a side product, which is less polluting than the by­
products from others.
Based on early studies of the epoxidation or hydroxylation reactions with various 
metalloporphyrins, researchers have found that Fe and Mn derivatives of porphyrins 
are the most efficient catalysts.
The epoxidation of olefins with H2O2 catalyzed by metalloporphyrins will be
summarized next according to the nature of the central metal.
1.6.3.1 Iron porphyrins
Traylor et in 1993 produced 60%-100% epoxide yield for the reaction of 
cyclooctene catalyzed by iron porphyrin derivatives with hydrogen peroxide as 
oxidant, claiming 0 - 0  heterolytic cleavage. Moreover, in 2003 Nam et al.^^ reported 
the significant effect of alcohol solvents, imidazole and the iron porphyrin’s electronic 
nature on the epoxide yield.
In 2000 Nam^^ reported that two intermediates were involved in the oxidation of 
alkenes, such as cis- and rran^-stilbene or cyclooctene, catalyzed by iron porphyrin in 
the presence of H2O2, f-BuOOH or m-CPBA as oxidants in protic and aprotic solvents 
to produce the oxide. One of them was an oxidant-iron(III) porphyrin intermediate 
and the other one was formed from the 0 - 0  bond cleavage of the former to give the 
high-valent iron(IV) 0 x0  porphyrin cation porphyrin radical intermediate. Many 
factors were found to affect the mechanistic pathway and the level and selectivity of 
epoxide yield (see Chapter 2).
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Moreover, various iron(III) porphyrins were studied by Cunningham et and
Stephenson and using H2O2 for oxidation of olefins and the major product
was epoxide; also the kinetics and mechanism were investigated (see Chapter 2)
1.6.3.2 Manganese porphyrins
In 1989 Anelli et al.^^ used carboxylic acid and imidazole or pyridine to improve the 
percentage yield in the oxidation of alkene catalyzed by Mn(III) porphyrin with H2O2 
in DCM-H2O solvent mixture. Furthermore, Rebelo et al?^ proposed that the 
oxidation of substrates catalyzed by Mn(III) porphyrins with H2O2 in aprotic solvent 
in the presence of co-catalyst occurred via a por'^*-M^ = 0  intermediate.
In 2002 Cunningham et found that some Mn(III) and Fe(III) porphyrins preferred 
to react with alkenes via high-valent 0 x0  M(IV) porphyrin cation radical 
intermediates (por’*'*-M^=0) to give alkene oxides in high yield, while in other 
porphyrins the intermediate preferred to react with a second H2O2 molecule and gave 
a low yield of product, as well as undergoing degradation (see Chapter 2).
1.6.3.3 Other metalloporhyrins
In 2002 Liu et tried to oxidize styrene with H2O2 catalyzed by metalloporphyrins 
using different central metals such as Co(III) and, Cu(III), but they found that H2O2 is 
not a suitable oxidant for these metalloporphyrins.
Meunier 1992"^  ^reported that a cobalt(III) porphyrin is a poor catalyst,^’"^  ^but it gave a 
good yield of styrene oxide when Liu et used KHSO5 as an oxidant, whereas 
ruthenium(II) and osmium(II) porphyrin catalyzed reaction of cyclohexene in the 
presence of PhIO gave allylic oxidation products in high yield."^^
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Furthermore, Che and Huang^^ in 2009 found that ruthenium(II) porphyrins catalyzed 
the reaction of alkene to epoxide in high yield when 2,6-dichloropyridine-N-oxide 
(2 ,6 -Cl2pyNO), r-BuOOH and O2 were used as oxidants.
2 0
CHAPTER2
CHAPTER 2: Literature Review
2.1 The factors affecting the catalytic activity of metalloporphyrins 
and the oxidation mechanism of organic compounds
The findings of most studies are consistent in suggesting that the oxidation of alkenes 
catalyzed by metalloporphyrins in the presence of oxidant occurs via homolytic or 
heterolytic 0 - 0  bond cleavage to form high valence oxo-metal porphyrin por-Fe^=0 
or high-valent oxo-metal porphyrin cation radical intermediate por‘*’*-Fe^=0, 
respectively. Some of the factors affecting this catalytic activity of metalloporphyrin 
intermediates are discussed in the subsequent sections.
2.1.1 Effects of co-catalyst
When conducting a study in 2005, focusing on the comparison of Fe(III)-porphyrin 
and Mn(III)-porphyrin, Rebelo et al?^ found that the Mn complexes are inactive in 
the absence of a co-catalyst, but with those such as ammonium acetate or imidazole in 
a protic solvent (e.g. 3:1 MeOH-DCM) using H2O2, the formation of the oxo-active 
species by heterolytic cleavage occurred. On the other hand, the Fe complexes 
achieve maximum activity in protic solvents, with electron-withdrawing substituents 
present and in the absence of co-catalyst, preferentially forming hydroperoxy active 
species. Moreover, they noted that the low percentage of substrate conversion in the 
case of iron porphyrins was always accompanied by poor porphyrin stability (i.e. high 
levels of porphyrin degradation).
In a more recent study conducted in 2012 using a Mn/ 0 2  system, Li et al.^^ observed 
that the conversion rate of cyclohexene to 2 -cyclohexen- 1 -one, cyclohexene oxide 
and 2 -cyclohexen-ol was 28%, and the selectivity percentage composition of 
individual products was 60%, 5% and 29%, respectively. In this experiment, 
cyclohexene was exposed to 0.4 MPa of dioxygen, in the presence of
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tetraphenylporphyrin manganese(III) chloride (TPPMnCl) in MeCN, at 80 °C for 12 
hours. However, the conversion increased to 72% in the presence of cobalt(II) acetate 
as co-catalyst, and it also served to increase the selectivity toward epoxide and limit 
the formation of alcohol. This is due to the appearance of cobalt oxide ([Co-0 2 ]^) as 
an active intermediate within the second step pathway of the reaction mechanism 
beside the high-valent Mn(IV) oxo porphyrin cation radical porphyrin intermediate 
(por’^ '-M nA o); the Co-0 2  ^prefers oxidation of cyclohexene to epoxide. In this case,
2 -cyclohexen-1-one, cyclohexene oxide and 2 -cyclohexen-ol yields were 58%, 16% 
and 9% respectively.
2.1.2 Effect of pH
In 1998, Yang and Nam^^’^  ^used iron(III) porphyrin with H2O2 and r-BuOOH in the 
oxidation of olefins in aqueous solution. They observed the effect of pH on the 
percentage of oxide yield and found that the presence of protons at low pH make the 
0 - 0  bond heterolytic cleavage easier, and thus the percentage of oxide product 
increases.
The effect of pH on the oxidation of styrene catalyzed by mg^o-tetrakis(p- 
sulfonatophenyl)porphyrin manganese(III) (TPPS4Mn) using KHSO5 as oxidant in 1:1 
MeCN-H2 0  was studied by Liu et al. in 2002."^  ^ The reported findings indicate that 
the activity, selectivity and the styrene oxide yield in acidic medium were below those 
measured in a neutral medium, while, in an alkaline medium, the oxidant was not 
stable
2.1.3 Effect of temperature
Lee and Nam^° found that the ^^0% in the epoxide product of cyclooctene catalyzed 
by an iron(III) porphyrin using hydrogen peroxide, tert-\mty\ hydroperoxide, and m- 
CPBA as oxidants in the presence of labelled water, moderately increased as the 
temperature of the reaction increased from -78 °C to 45 °C. This temperature increase 
enhanced the heterolytic 0 - 0  bond cleavage in por-Fe^OOR. Therefore, at room
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temperature, the high valent oxoiron(IV) porphyrin jr-radical cation is the reactive 
intermediate in the reactions of FioTPPFeCl with oxidants (i.e. hydrogen peroxide, 
tert-\mXy\ hydroperoxide, and m-CPBA), while at low temperature (i.e. -78 °C) they 
proposed that electronegatively-substituted iron porphyrin complexes form relatively 
stable por-Fe°^OOR [R = H, C(0)Ar] intermediate species, which transfer oxygen 
atoms directly to olefins prior to the heterolytic 0 - 0  bond cleavage.
Recently, Kungumathilagam and Karunakaran^^ calculated the pseudo-first order rate 
constants (A:obs) for the mg^o-tetraphenylporphyrin iron(III) chloride catalyzed 
oxidation of indole-3-acetic acid by peroxomonosulphate (oxone) in aqueous 
acetonitrile medium. Their results were that the values of o^bs increased with 
increasing catalyst and substrate concentrations, as well as with increasing 
temperature from 20 °C to 60 °C, where the Aobsx 10"^  changed from 0.83 to 9.40 s'^
2.1.4 Effect of substituents on the porphyrin
In 1999, Goh and Nam'^  ^ proposed that high-valent oxo-iron(IV) porphyrin cation 
radical complexes were responsible for olefin, such as cyclohexene, epoxidation by 
peroxide, but with two competing pathways (C and D, shown in Scheme 2.1). Their 
findings indicated that the substituents at the meso position of the porphyrin ring play 
an important role in accelerating one pathway relative to the other.
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Por-Fe"^  + ROOH
,0-R
O'
Por-Fe^ "
-RO
A
homolysis
Por-Fe^ -^OH —sMiS—► no epoxide formation
ROO*
or low yield 
RO" +O2
ROOH
Por-*"-Feiv=Q —2Mb—► epoxide formation
B
heterolysis
D high yield
Scheme 2.1 Proposed pathways of olefin oxidation.
The active intermediate containing an electron-withdrawing substituent on the phenyl 
group in the porphyrin prefers pathway D, where the oxygen atom is transferred to 
olefin faster than the reaction with another oxidant molecule (ROOH = hydrogen 
peroxide or tert-hutyl hydroperoxide), giving high epoxide percentage yield. This is 
due to the reaction between a high-valent oxo-iron(IV) porphyrin cation radical and 
ROOH becoming slow for an electron deficient iron porphyrin, and because the initial 
heterolytic 0 - 0  bond cleavage is facilitated when less electron density resides on the 
0 - 0  bond of oxidant-metal(III) porphyrin intermediate (por-Fe^-OOR)  ^ In 
contrast, a high-valent 0 x0  iron(IV) porphyrin cation radical with electron-donating 
substituents, even when formed favours pathway C, i.e. a faster reaction with another 
ROOH in comparison with the transfer of the oxygen atom to olefin. This results in a 
low epoxide percentage yield.
A comparison between mg^o-tetrakis(pentafluorophenyl)porphyrin iron(III) chloride 
(electron-deficient iron porphyrin complex), which has electron-withdrawing 
properties, and mgjo-tetraphenylporphyrin iron(III) chloride (electron-rich iron 
porphyrin complex) containing electron-donating substituent on the phenyl ring at the 
meso position of the porphyrin ring was recently conducted. The findings of this study 
indicate that the influence of the substituent on porphyrin and on oxidant (ROOH)
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plays an important role. Nam"^  ^ reported that, in 3:1 MeOH-DCM using H2O2 as 
oxidant, there is a tendency of the electron-deficient complex toward 0 - 0  heterolytic 
cleavage, whereas the electron-rich one shows a tendency to homolytic cleavage, and 
no epoxide yield. Again, this is claimed to be due to a greater electron density on the 
oxidant-Fe(III) porphyrin intermediate, which helps homolytic 0 - 0  cleavage to occur. 
These findings contradict the classical mechanism known as the “push effect” .^ ^
Studies indicate that not only the substituent on the me^o-phenyl ring of the porphyrin 
ring affects the percentage yield and the olefin epoxidation mechanism in the presence 
of oxidants, but they are also influenced by the anionic axial ligand of the 
metalloporphyrin. In 2000, Nam et al?^ investigated the reactivity of iron porphyrin 
catalysts, such as mg.yo-tetrakis(pentafiuorophenyl)porphyrin iron(III) F2oTPPFeX 
(where X = OH', CH3CO2, C f, CF3SO3', CIO4, and NO3 ) in the oxidation of olefin 
in an aprotic solvent mixture 1:1 MeCN-DCM using H2O2 as oxidant at 20 °C. The 
authors concluded that this process was affected by the nature of the anionic axial 
ligand, whereby the catalytic efficiency of the p2oTPPFeX complexes increased in the 
order 0 H  < CH3CO2, Cl" «  CF3SO3', CIO4 < NO3. Therefore, in the epoxidation of 
cyclohexene, when X = OH', CH3CO2, or Cl', no cyclohexene oxide, cyclohexenol 
and cyclohexenone products, or only trace amounts were found. However, high 
cyclohexene oxide yield was found, with only trace amounts of cyclohexenol and 
cyclohexenone products, in the presence of CF3SO3', CIO4 and NO3 as axial ligands.
In 2002 Nam et al?^ continued their investigation of the same electron-deficient 
iron(III) porphyrin catalyst containing the aforementioned anionic axial ligands 
F2oTPPFeX, using various oxidants, i.e. iodosylbenzene (PhIO), m- 
chloroperoxybenzoic acid (m-CPBA), tetrabutylammonium oxone (TBAO), and H2O2 
to study the effect of anionic axial ligands on the ratios of cis- to trans-stilhene oxide 
products formed in competitive epoxidations of equimolar cis- and rran^-stilbene. 
Their findings indicated that, in the reactions with iron porphyrin catalysts containing 
ligating anionic ligands, such as CH3CO2 and Cl', high ratios of cis- to tmns-siilhenQ 
oxides are formed via oxidant-iron(III) porphyrin complex reactive intermediates 1.
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Where these axial ligands are involved the reaction in Scheme 2.2 follows pathway B 
especially in the presence of the large amount of the substrate that produces a high 
ratio of the product. However, the reactions of iron(III) porphyrin complexes 
containing non-ligating or weakly ligating anionic ligands, such as CF3SO3' and CIO4 
, give low cisltrans ratios and prefer to convert oxidant-iron(III) porphyrin complex 
reactive intermediates 1 to high-valent iron(IV) 0 x0  porphyrin cation radical 
intermediates 2 (Scheme 2.2, pathway A) before oxygen atom transfer from 1 to 
stilbene occurs. This is especially the case in the presence of a small amount of the 
substrate, which produces in the epoxide product low ratios of cis- to rran^-stilbene 
oxide via Scheme 2.2, pathway C. The different results are because of different steric 
interaction (with stilbene) for 1 compared with 2. The authors also concluded that this 
oxide ratio depends on the olefin concentration and the type of terminal oxidants, 
when NO3 is used as anionic axial ligand both intermediate 1 and 2 are involved.
por-Fe^^^
X
+0-Y
Y
9
por-Fe^^^
X
1
B
O
-Y
-► por+ '-Fe^^ 
X
Scheme 2.2 proposed mechanism for epoxidation of cis- and trans-stilhenes.21
2.1.5 Effect of oxidants.
Nam and co-workers^^ investigated the effect of different oxidants on the homolytic 
versus heterolytic 0 - 0  bond cleavage mechanisms in cyclohexene epoxidation in the 
solvent mixture 3:1 MeOH-DCM by various iron(III) porphyrin complexes (Figure 
2.1) using 2-methyl-1 -pheny 1-2-propyl hydroperoxide (MPPH), tert-h\xiy\
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hydroperoxide (r-BuOOH), hydrogen peroxide (H2O2), and m-chloroperoxybenzoic 
acid (m-CPBA) as oxidants. Their results indicate that the 0 - 0  bond homolysis 
tendency is in the MPPH > r-BuOOH > H2O2 > m-CPBA order. Hydroperoxides 
containing electron-withdrawing substituents, such as an acyl group in m-CPBA, 
expedite 0 - 0  bond heterolysis, whereas those with electron-donating rerr-alkyl 
groups, such as in r-BuOOH and MPPH, tend to be cleaved homolytically. The 
authors suggested that homolytic 0 - 0  bond cleavage is accelerated when there is 
more electron density on the 0 - 0  bond of Por-Fe™-OOR intermediates. This means 
that for Por-Fe^-OOR, R= withdrawing group can better favour heterolytic formation 
of(-)OR.
OOR
Fe"^—O— O ^ R  — ^ — ► Fe"^—0(+) ^  F e ^ = 0  hetero
‘OR
X Y z
F F N+(CH3)3
F F F
F H H
Cl H H
H H H
CH3 H CH3
Figure 2.1 Structures of iron(III) porphyrin complexes used in the Nam et al. study
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Furthermore, studies for the effect of oxidants on the oxidation of styrene catalyzed 
by mgjo-tetrakis[4-(N-trimethyl)aminophenyl]porphyrin manganese(III) 
(TTMAPPMn) with different oxidants, showed that KHSO5 recorded a higher yield of 
product than NaClO and NaI0 4 . The authors suggested that this may be due to the 
asymmetric structure of the 0 - 0  bond in the KHSO5, which leads to heterolytic 0 - 0  
bond cleavage."^^
2.1.6 Effect of metal ions
Liu et , explored the effect of various central metal ions of mgJ0 -tetrakis[4 -(N- 
trimethyl)aminophenyl] metalloporphyrins (TTMAPPM) on the epoxidation of 
styrene in the presence of KHSO5 as oxidant in the solvent mixture 1:1 MeCN-HiO. 
They found that the amount of styrene oxide product decreased with the following 
central metal in the order Mn(III) > Co(III) > Fe(III) > Cu(III), but they did not 
mention the reason for this.
In 2005, Rebelo et noted the inactivity of electron-deficient Mn(III) pophyrin in 
protic solvents in the absence of co-catalyst for oxidation of cw-cyclooctene in the 
presence of H2O2 as oxidant. While the electron-deficient Fe(III)-porphyrin showed 
high activity under these conditions, the electronegativity of the metal ions (1.83 for 
Fe(III) and 1.55 for Mn(III)) may play a role in this result in addition to porphyrin 
structure.
In 2010, Zhou and Ji^  ^ explored the cyclohexene epoxidation yield in DCM at room 
temperature for dioxygen O2 acting as donor oxygen. This mechanism is a reductive 
activation of oxygen using isobutyraldéhyde as reducing agent in the presence of 
metallotetraphenylporphyrin chloride MTPPCl. In this study, high percentage yields 
were obtained in the Mn(III) > Fe(III) > Co(III) > Ru(III) order. Here, it is likely that 
the stability of different valences and the electric potential of the metal atoms 
involved, affects the catalytic activity of different metalloporphyrins. The authors 
suggested two possible mechanisms through which this occurs (A and B pathways^^’^  ^
in Scheme 2.3). However, they indicated that pathway B was the superior one.
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por-Mn™ +RCHO
por-Mn*^ ^
R-C R-C-0-0"
o f f acyl radical acylperoxy radicalRCHO
V
O + R-C-0
epoxide carboxyl 
radical
RCHO
V .R-C + RCOOH
V
R-C-O-OH
peroxyacid
por-Mn"
V
R-C-O-O-Mn -por
RCOOH
por-Mn^
por-Mn
Qo
o
B
Scheme 2.3 Plausible mechanism of cyclohexene epoxidation catalyzed hy Mn(III) porphyrins in 
the presence of molecular oxygen and isobutyraldéhyde.^^’^ ”
2.1.7 Effect of solvents
In 2005, Rebelo et al?^ reported that the c/5-cyclooctene epoxide formed by the 
oxidation of cw-cyclooctene with tetrakis (pentafluorophenyl)porphyrin iron(III) 
chloride FioTPPFeCl using hydrogen peroxide H2O2 as oxidant, gave a 12% yield in 
an aprotic solvent (MeCN) but 82% yield in a protic solvent (3:1 MeOH-DCM
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solvent mixture). Rebelo et a l  agree with Nam^^ that the initial intermediate is an 
oxidant-iron(III) porphyrin complex, and that high-valent oxo iron(IV) porphyrin 
cation radical intermediates are formed from it when protic solvents and co-catalysts 
are absent. It is believed that the protic (e.g. MeOH) solvent hydrogen bonds to the 
oxidant iron(III) complex.
Singh et recently reported that, in the iron (III) porphyrin catalyzed oxidation 
reaction, 33% of methanol in dichloromethane (1:2 MeOH-DCM) results in the 
highest activation of the reactive intermediate (i.e. for the catalyst p 2oTPPFeCl). The 
authors converted an organopalladium compound from 3a-c to 4a-c (Figure 2.2) using 
tert-\miy\ hydroperoxide (r-BuOOH). They proposed that under these conditions, 
MeOH replaces the chloride ion to give Fe(III)-MeOH which reacts easily with 
oxidant to form a catalyst-oxidant-adduct F2oTPPFe(III)-OO^ Bu, which then forms 
F2oTPPFe(IV)=0 . At 25 °C both the catalytic oxidation rate and the product yield for 
F2oTPPFeCl oxidation by r-BuOOH in mixed solvent of aqueous acetonitrile were 
improved by increasing the percentage of water in the solvent mixture. The same 
reaction conditions were used for oxidation of cyclohexane and cyclohexene in this 
work.
4 R 4 R
3a= R= 4-Me 4a= R= 4-Me
3b= R= 5-Me 4b= R= 5-Me
3c = R= H 4c = R= H
Figure 2.2 Oxidation of organopalladium compounds catalyzed by iron (III) porpbyrin in tbe 
presence of /ert-butyl hydroperoxide."*^
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2.2 Hydrogen peroxide oxidation
Hydrogen peroxide (H2O2) is well known as a strong oxidizing agent in either acidic 
or alkaline solution; however, in the presence of oxidizing agents that are stronger 
than itself, it behaves as a reducing agent/ Both aspects of this chemistry (oxidant and 
reductant) are found with metalloporphyrins. Dilute solutions or those containing no 
more than 30% hydrogen peroxide are widely used as oxidants.
Increasing pressure on the industrial sector to identify and use more environmentally 
friendly oxidation reagents has spurred recent interest in the use of hydrogen peroxide 
as a terminal oxidant.^"^ Consequently, hydrogen peroxide is used in the treatment of 
waste-water in a growing number of industries. Specifically, hydrogen peroxide was 
recently shown to remove cyanide from thermoelectric power station waste-water, 
which indicates its great potential in this field.^^
Hydrogen peroxide is also an important commercial chemical used in the production 
of epoxides. In this context, hydrogen peroxide is used to generate peracids, which are 
subsequently used in the epoxidation of numerous alkenes. Due to the importance of 
this process in the manufacturing context,^^ the activation of hydrogen peroxide to 
form peracids is briefly described here.
Hydrogen peroxide is produced commercially by the AQ-Process,^^ which involves 
the hydrogenation of a 2-alkyl-9,10-anthraquinone (anthraquinone) to the 
corresponding hydroquinone (Scheme 2.4). The hydroquinone produced is 
subsequently oxidized in pure oxygen or air to regenerate the anthraquinone and 
produce hydrogen peroxide in the process (Scheme 2.4). The hydrogen peroxide 
produced in this manner is extracted using water, while the organic components can 
be recycled back through the hydrogenation step.
3 1
Catalyst
OH
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Scheme 2.4 The AQ-process for the industrial production of hydrogen peroxide.
As noted earlier, from an environmental perspective, hydrogen peroxide is an 
excellent choice of reagent, as its decomposition products are molecular oxygen and 
water. In addition, due to the relative inactivity of hydrogen peroxide, specific 
activation methods for fine-tuning the reactivity towards a particular oxidative process 
can be used to optimise yield and reduce wastage. Scheme 2.5 illustrates the 
nucleophilie attack of a substrate on the oxygen of hydrogen peroxide, indicating that 
a generic acid can act as a proton transfer agent to assist in the cleaving of the 
peroxide bond to form the oxidized nucleophile and water.
H .0 -
Nu:
'H
H
0-0
Nu H
NuOH+ + OH-
+HA " h^  \ /
P “-Ox
Nu H
-HA
NuO + H2O
Scheme 2.5 Illustration of a nucleophilie attack on hydrogen peroxide. The use of a general acid 
facilitates the proton transfer to yield the oxidized nucleophile and water.
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2.3 Activation of Hydrogen Peroxide
While hydrogen peroxide may be used alone in some oxidation reaction types, it has 
to be activated in order to extend its use. One type of hydrogen peroxide activation 
method involves the use of transition metal cation complexes with organo-ligands, 
such as porphyrins. Although a wide variety of metal complexes have been described 
in the literature, the most commonly occurring metal cations are Cu(I), Cu(II), Ni(II), 
Co(II), Co(ni), Fe(II), Fe(III), Mn(II), and Mn(III). '^'^ The mechanisms by which these 
metal porphyrin complexes activate hydrogen peroxide vary and include the 
production of free hydroxyl radicals as well as the formation of high-valent metal-oxo 
species.^"  ^ Typically, mechanisms based on Fenton-type chemistry are proposed for 
the processes involving hydroxyl radical formation, as shown in the [Cu(phen)2]'^  
example in eqn. 1
[Cu^(phen)2]^ + H2O2  ► [Cu^^(phen)2]^^ + HO + KG’ eqn. 1
In the case of high-valent metal-oxo formation reactions, such as those proposed by 
Traylor et the activation of hydrogen peroxide by tetrakis(pentafluorophenyl) 
porphyrin iron(III) is proposed to occur via oxygen transfer from a high-valent iron 
complex (Fe^=0) Scheme 2.6.
F H 2 O 2  _  I I  P g V — Q  I I
Scheme 2.6 The reaction of iron(III) tetrakis(pentafluorophenyl) porphyrin with hydrogen 
peroxide
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The interaction of metalloporphyrin with H2O2 (alone) will be a major theme of this 
thesis, but most literature references deal with this in the context of oxidation of an 
organic substrate, so this will be described in the next section.
2.4 Oxidation of organic compounds by hydrogen peroxide in 
presence of metalloporphyrins as catalyst
Hydrogen peroxide is a widely used oxidant, due to its low cost, availability, mild 
reagent properties, and the production of a single clean by-product (water). However, 
as discussed above, its spontaneous reactions with organic substrates are generally too 
slow for most practical purposes and require a variety of catalysts; one of the most 
useful reactions is epoxidation of alkenes to form epoxides. The main issue arising 
from the use of transition metal complexes (e.g. metalloporphyrins, salen catalysts) as 
catalysts for epoxidation reactions with hydrogen peroxide is the formation of radicals 
resulting from the homolytic cleavage of the weak 0 - 0  bond. Radical formation 
subsequently leads to indiscriminate oxidation and the generation of undesirable 
reaction p r o d u c t s . T h e  same issue is associated with oxidations using alkyl 
hydroperoxides. Another undesirable reaction occurs when H2O2 reacts with the 
metal-oxo complex, producing molecular oxygen and water (a redox reaction known 
as dismutation, in which a species is simultaneously oxidised and reduced). 
Nevertheless, hydrogen peroxide has long been widely used as oxidant in 
epoxidations catalyzed by metalloporphyrins, in particular with Mn(III) 
porphyrins.^^’^ ’^^ ’^^  ^ The preferential heterolytic bond cleavage that produces the 
reactive metal-oxo species, rather than oxygen radicals, can be promoted by using 
nitrogen heterocycles, such as pyridines and imidazoles, or other additives.^^’^  ^
These act as acid-base catalysts, or as axial ligands to the transition metal catalyst, 
therefore increasing reaction rates and specificity.^^
In the last two decades, metallo-complexes of tetraarylporphyrins, phthalocyanines 
and related macrocycles have been widely studied as catalysts in hydrocarbon 
oxidations under various c o n d i t i o n s . T h e  common factor in these reactions is the
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formation of a high valent oxometallo intermediate; the iron(IV)-oxo porphyrin 
radical cation species Por^*-Fe^=0, generated through the reaction of an oxygen 
donor (OD) with the metal coordinated in the macrocycle centre. Although this oxo- 
species is undetectable under the typical oxidation conditions, according to some 
authors, it can be isolated at sufficiently low temperatures to slow the reaction and 
thus allow detection.^^’^ ^
At present, the exact nature of the intermediate oxo-species is unclear, and the 
research findings pertaining to their properties vary. For example, in 2007 Song et 
a lP  reported that two factors affect the stability of the reactive intermediate [por- 
Mn^=0 ]^, namely the concentration of added base (tetrabutylammonium hydroxide 
TBAH), and the electronic nature of the porphyrin ligand. According to the authors, 
[por-Mn^=0]^ is poor in its ability to oxidize olefin, using terminal oxidants in the 
presence of a base in an organic solvent at room temperature. In the absence of a base, 
the alternative formation of por-M n^=0 takes place. More generally, and 
independent of the nature of the investigated oxidants, the continuing debate pertains 
to the structure of the high-valent oxo-metallo species generated by the reaction of the 
OD with metalloporphyrin, and the mechanism of oxygen transfer from the metallo- 
0X0 species to the substrate. It is now generally accepted that, in the case of Mn°^ or 
Fe™ porphyrins, two intermediates, namely [por-M^=0]'^ and [por-M ^=0], can be 
formed depending on the reaction conditions.
Having reviewed the hydroxylation and epoxidation of hydrocarbon compounds, 
Joergensen^^ noted that many metalloporphyrins were used as catalysts with different 
oxygen sources. Nonetheless, the author identified a limited number of studies that 
reported hydroxylations of aromatic compounds, based on low catalytic activities of 
metalloporphyrins observed in hydroxylations of phenylalanine^"^ and benzene 
derivatives.^^ In contrast, using a manganese(III) porphyrin catalyst in the presence of 
imidazole led to high conversions of non-aromatic hydrocarbons, such as alkanes, to 
ketones and alcohols in several experimental studies.^^’^ ^
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From the above, it is clear that metalloporphyrins have generated much interest as 
epoxidation and hydroxylation catalysts,^^ and, although there is still the case for 
other oxidants,^^ the scientific community is increasingly being directed to the use of 
the clean oxidant It is widely accepted that the metalloporphyrin
tetrakis(pentafluorophenyl)-21i/,23Ff-porphyrin iron(III) chloride is an effective 
catalyst for H2O2 epoxidation of alkenes.^^’^ ’^^ ®'^  ^ In 2001, Cunningham re-affirmed 
the efficiency of this system, despite suggesting that catalyst degradation plays a key 
role in the overall oxidation. Furthermore, similar work indicates that degradation 
(bleaching) of the catalyst results primarily from direct oxidation of the resting 
catalyst (Fe™), rather than the high-valent 0 x0  iron(IV) porphyrin cation radical 
(F2oTPP^*-Fe^=0 ), (or oxoperferryl, F2oTPP-Fe^=0 ), or oxoferryl (F2oTPP-Fe^=0 ) 
intermediates.^^ Clearly, degradation is an important factor in metalloporphyrin- 
catalyzed oxidations, particularly when using H2O2; however, it is rarely addressed 
explicitly.^ ’^^"^
So-called “catalyst efficiency” or “catalyst activity” is determined by the competing 
factors comprising the catalytic cycle for epoxide formation [por-Fe°^ por"^ *- 
F e^ = 0  + alkene por-Fe™ + epoxide] competing with catalyst bleaching. Thus, the 
competition between these two factors may help rationalize often contradictory 
findings on metalloporphyrin reactivity reported in the literature (Scheme 2 .1 )P
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F,„TPP-Fe"'Cl *- lF,nTPP'^'-Fe'^
degradation
epoxide
Scheme 2.7 Degradation via direct oxidation of the porphyrin ring according to Cunningham64
The metalloporphyrin F2oTPPFeCl is a readily-available and efficient catalyst for the 
oxidation of organic substrates.^^ As it is also highly soluble in organic solvents and is 
apparently robust, this catalyst is one of the most widely favoured for the study of the 
cytochrome P-450 reaction to model oxidation (electron removal), 
o x y g e n a t i o n , ^ hydroxylation,^^ cyclopropanylation,^°° and radical formation.
A variety of oxidants are compatible with this catalyst, including 
iodosylbenzenes,^^’^ ’^^ ’^^ ®^ dioxygen, hydrogen peroxide,^^'^'^^'^°^
hydroperoxides^ and per acids. However, most authors performing
mechanistic studies have focused on the use of the iodosylbenzene,^^^’^ ^^  
hydroperoxide, and peracid ox id an t s .Al though  some qualitative data indicates a 
degree of FioTPPFeCl stability in the presence hydrogen peroxide,^^’^ ^^  there is a 
marked paucity of quantitative kinetic and mechanistic studies of its catalytic ability
and stability 37
In addition to being useful in mechanistic studies, the metalloporphyrin F2oTPPFeCl 
also has an important role in monitoring the actions of cytochrome P450s on drugs
and medicines. In 2005 Melo et al}^^ published the results of an HPLC-MS/MS 
investigation of praziquantel (an anthelmintic agent) oxidation by iodosylbenzene in 
an organic solvent, using iron (III) tetraarylporphyrins (aryl = phenyl.
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pentafluorophenyl, 2 -nitrophenyl, 2 -trifluoromethylphenyl and mesityl) and
manganese(III) tetraphenylporphyrin as catalysts (Figure 2.3). In this work, most of 
the oxidation products were identified by sequential MS and NMR analyses. 
Oxidation selectivity by these cytochrome P-450 models was also studied and 
compared. Time-dependent reaction profiles reported by the authors suggest that, 
irrespective of the catalyst used, the initial oxidation occurs predominantly at position 
7 of the carbon ring in praziquantel (Figure 2.3). In particular, with the T2TFMPP 
FeCl catalyst, the yield and selectivity (64%) for 7-hydroxypraziquantel remain high 
even after 24 hours of reaction, whereas, with the other catalysts, this initial product is 
further oxidized to di- and tri-hydroxypraziquantel within this time frame. The 
TFPPFeCl system results in a higher yield (11%) of cis- and trans-A'-
hydroxypraziquantel, which are the major metabolites from in vivo and in vitro
metabolism of praziquantel by cytochrome P450 m onooxygenases.T herefore, in
order to mimic biological systems such as the cytochrome P450s, catalysts must be 
selected carefully and be subjected to metabolomic profiling.
R
R
R
R
Praziquantel (PZQ)
Metalloporphyrins E M
TPP phenyl Fe, Mn
IMP 2,4,6-tri methyl-phenyl Fe
TFPP F5 phenyl Fe
T2TFMPP 2 -CF3-phenyl Fe
T2NPClgP 2 -N0 2 -phenyl Fe
Figure 2.3 Structures of praziquantel and metalloporphyrin catalysts used in this study by Melo
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Synthetic manganese(III) porphyrins have also been extensively studied as 
cytochrome P450 models in oxygen-atom-transfer reactions. Manganese porphyrins 
have recently shown promise as versatile catalysts in oxidation reactions, whereby, 
the key manganese(V)-oxo porphyrin intermediates have been isolated, 
spectroscopically characterized, and studied in oxidation reactions. In a study by Song 
et a l,  conducted in 2007,^^ the reactions of manganese(III) porphyrin complexes 
(Figure 2.4) with oxidants, such as m-chloroperbenzoic acid, iodosylarenes, and H2O2, 
produced high-valent manganese(V)-oxo porphyrins in the presence of base in 
organic solvents at room temperature.^^ Moreover, the manganese(V)-oxo porphyrins 
were characterized via various spectroscopic techniques, including UV-Vis, EPR, 
and^^^ F NMR, resonance Raman, and X-ray absorption spectroscopy.
P C k  w .
porphyrins MnilID X Y Z
TDCPPMnCl Cl H H
TDFPPMnCl F H H
TPFPPMnCl F F F
TMPMnCl CH3 H CH3
TDMPPMnCl CH3 H H
Figure 2.4 Structures of manganese(III) porphyrin complexes used in the study by Song et a t 83
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2.5 Mechanism of oxidation of organic compounds by hydrogen 
peroxide using metalloporphyrins as catalysts.
Peroxide is a common oxidant, in which the 0 - 0  bond cleavage can occur by two 
different pathways, namely homolytic or heterolytic fission, respectively illustrated 
by equations 2 and 3, which are applicable to organic peroxides.
A  A
R — O — O— R ' -------- ^  RO + OR* eqn. 2
R — 0 - Q ) —R* -------- ► RO^^) + (")0R* eqn. 3
Early research in this field, dating 1958-1988^ '^^ '^^ '^^ '^^^ '^^^  ^ focussed on the
metalloenzyme-catalyzed 0 - 0  peroxide bond cleavage mechanisms that produce a 
metal-oxygen bond. A similar set of mechanisms can be observed in the reactions of 
the important iron(III) porphyrins (por-Fe™) with peracids and hydroperoxides, which 
are likely to form an iron(III)-hydroperoxide species, as described by eqn. 4.
por-Fe™-X + ROOM ^  por-Fe^"-OOR + HX eqn. 4
Heterolytic cleavage of the product in eqn. 4 could occur via a process given by either 
eqn. 5 or 6 , the second of which describes an acid catalysis.
por-Fe^^^-OOR  ► por-Fe^=0 + OR eqn. 5
por-Fe“'-OOR ► por-Fe''=0 + ROH + B eqn. 6
Conversely, homolytic cleavage follows a process described by eqn. 7. 
por-Fe^^^-OOR----------► por-Fe^^=0 + *0R eqn. 7
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It can thus be expected that either of the mechanisms described by eqn. 5 (or 6 ) and 7 
can occur depending upon the conditions employed. For example, the reaction 
described by eqn. 6  can be expected to dominate in the presence of suitable proton 
donors, compounds with adequate leaving groups, or both. In contrast, if FeOOR 
contains a very poor RO leaving group, it is more likely to undergo homolytic fission 
in the absence of protic solvents, as described by eqn. 7. Given the above, it is not 
surprising that the interest in establishing the optimal conditions for changing the 
reaction mechanism has been steadily growing in the scientific community.
Furthermore, the reviewed investigations of the reactions of iron(III) porphyrins with 
ROOH indicate that the reaction can be made faster by increased electron density in 
the iron, increased concentration of a buffer (e.g. collidine), and increased stability of 
R O . Groves et al}^^ also considered the reaction illustrated by eqn. 6 . The authors 
observed that peracids react only with iron(III) porphyrins via heterolytic 0 - 0  bond 
cleavage with or without buffer catalysis and in hydroxylic solvents, but they cannot 
react by homolytic cleavage under the same conditions.
Traylor and Ciccone conducting both kinetic and product analysis studies interpreted 
their results in favour of the homolytic cleavage mechanism described by eqn. 7 for 
reactions of alkyl hydroperoxides and hydrogen peroxide with iron(III) porphyrins, in 
neutral aqueous or alcohol solvents in the absence of buffer catalysis.
Although mechanistic studies can involve a wide range of organic substrates, most 
reported works were based on the use of alkene. But also used have been 1-naphthol 
and 2-naphthol, which are catalytically converted into 2-hydroxy-1,4-naphthoquinone 
(HNQ, Lawsone) in the presence of H2O2 and metalloporphyrin catalysts. Published 
catalytic data indicate a 57% conversion factor and 100% purity of the Lawsone 
product. In these investigations, the reaction was examined by UV-Vis, IR, NMR, 
MS, melting point determination, and elemental analysis. The effects of the solvents, 
NaOH and H2O2, and metalloporphyrin quantities, as well as the catalytic reaction 
temperature were also studied.
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In a study by Cunningham, kinetic analysis of the F2oTPPFeCl-catalyzed H2O2 
oxidation of 3 -hydroxy-2 -(tran5 -4 -tert-butylcyclohexyl)methylnaphtho-l,4 -quinone 
was found to be consistent with the rapid reaction of the organic substrate with an 
oxoperferryl [F2oTPP-Fe^=0 ] intermediate formed in the first and rate-limiting step. 
A second-order rate constant for oxidation of the catalyst of 22 ± 5 dm^ mol'^ s'  ^ was 
determined, which is lower than the constants previously reported using other 
substrates. In the absence of the organic substrate, H2O2 was shown to oxidise the 
catalyst to an oxoferryl species [F2oTPP-Fe^=0 ], most likely via the oxoperferryl 
species. This oxoferryl compound was degraded by H2O2, with a second-order rate 
constant of 0.081 ± 0.004 dm^ mol'^ s '\  probably involving oxidation of the porphyrin 
ring.
catalyzed alkene epoxidation is now widely accepted.
23,109 general mechanism shown in Scheme 2.8 for metalloporphyrin-
FonTPP-Fe^tl + HnO? ► oxidised intermediate substrate ^  product/ z slow fast
Scheme 2.8 The generally accepted mechanism for epoxidation of alkene catalyzed by 
metalloporphyrin.^^
However, as previously noted, the nature of the “oxidised intermediate” has been the 
subject of an extensive and an on-going debate, in particular when resulting from the 
reaction with hydrogen peroxide (as is the case here) or hydroperoxides (ROOH) 
(Scheme 2.9).
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F2oTPP-Fei"Cl + H ,0
o
FzoTPP+'-Fe^^ + H2O
O
I I
F2 oTPP-Fe^  ^ + HO + H"
(heterolytic of peroxide)
(homolytic of peroxide)
Scheme 2.9 The nature of the oxidised intermediate.23
Though the oxidation of hydrocarbons in the presence of metalloporphyrins has been 
studied extensively, thus far, most attention has been devoted to the hydroxylation of 
h y d ro c a rb o n sa n d  the epoxidation of alkenes.^^ In contrast, little or no mechanistic 
information is available on other important processes, including the oxidation of 
alcohols. One notable exception has been the oxidation of a-alkylbenzyl alcohols 
catalyzed by F2oTPPFeCl, which used iodosylbenzene as an oxidant to give ketone 
and aldehyde products. The work suggests that the formation of aryl ketone product 
occurs due to initial C-H bond cleavage via a hydrogen atom transfer (HAT) 
mechanism, whereas benzaldehyde product forms due to C-C bond cleavage via an 
intermediate complex formed between the iron-oxo complex and alcohol (Scheme
2 .10). 124
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por-Fe^^-OH + A r-Ç -R
OH 
I
OH
por-Fe^^  ^ + Ar-(j;;-R 
OH
ketone
O OH
por +-_Peiv + A r-C -R  ^  "  por+'-Fe^"^:
H -b
.OH
'O C H -A r
I
R
O
por-Fe^^=0 + A r-C -H  + R + H  ^
Scheme 2.10 Oxidation of alcohols catalyzed by metalloporphyrin.^^
In 2001, Cunningham et al.^^ indicated that the decomposition of iron (ITT) porphyrin 
in the absence of olefin occurs via p2oTPP-Fe^=0 , whereas in the presence of olefin 
it occurs via [F2oTPP'^*-Fe^=0 ] and/or [F2oTPP-Fe^=0 ] intermediates (Scheme 2.11 
and Scheme 2.12). The authors observed that the oxidation of olefin catalyzed by 
iron(III) porphyrin using H2O2 as a oxidant, is in competition with the decomposition 
of iron(III) porphyrin.
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F 2o T P P -F e ‘" C l +  H 2O 2  
1
alkeneintramolecular
decomposition
F2oTPP-Fe^^  ^ + epoxide
intermolecular
decomposition
a- epoxidation of alkene and regeneration of the eatalyst. 
b- reaction with solvent to return to Fe^^l
c- reaction with H2O2 to give F2oTPP-Fe^ ^ = 0  which is reduced by further H2O2 
back to Fe^ ^^  or bleached by H2O2 . 
d- direct bleaching of unoxidised catalyst F2oTPP-Fe^^ .^ 
e- self oxidation.
Scheme 2.11 Potential reaction pathways for F20TPP -Fe^ =^0.^^
-1 0  s'
F2oTPP-FcTTT k ' - l O ^  M - ^ S - 1
k~[cyclooctene1 ~  very fast
k^-0.034 M-'s-
O
k^[H202] = 0 .0 0 3 4  s-
~ fast FonTPP-Fe^^20
k^-lQ-i M-'s-^
k^ [H2O2l - 10-2 s-1
intermolecular
degradation
Scheme 2.12 Pathways involved in FioTPPFeCl-catalyzed alkene epoxidation by H2O 65
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The general pathway proposed by Cunningham (Scheme 2.11) is now generally 
accepted, although other authors have since proposed some modifications. In 2005, 
UV-Vis spectroscopy was used by Stephenson and Bell to identify the state of the 
aforementioned porphyrins as a function of solvent composition and reaction 
conditions as well as to study the kinetics of porphyrin degradation (Scheme 2.13).^"  ^
In 2006, the same authors conducted several studies using a methanol-coordinated 
cation [F2oTPPFe-(CH3 0 H)]'^ (rather than the methoxide-coordinated neutral complex 
F2oTPPFe(OCH3) as claimed earlier) and various matalloporphyrins.^^’^ ’^^ ^
HCl
F 2o T P P -F e i"  "  F zoT P P -F e"^  + H 2 O 2  ^
-MeOH
Cl OM e
MeOH
H2O
OO + F2oTPP-Fe^“I
OM e
+ H2O2 
-MeOH  
•OOH
?o
F2oTPP-Fe"^
OH
O
F2oTPP-FcIV
.•O O H
-H2O-
ks
+ MeOH 
+ H2O2
F2oTPP-Fe‘
OM e
Scheme 2.13 The proposed mechanism for the epoxidation of cyclooctene using hydrogen 
peroxide as the oxidant and F 2 o T P P F e(III )  as the catalyst according to Stephenson and Bell.^ '*
Most extant mechanistic studies are now coupled with modelling of the P450 activity. 
In 2006, Gotardo et investigated the oxidation of the herbicide atrazine (ATZ=2-
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chloro-4-(isopropylamino)-6-(ethylamino)-s-triazine) catalyzed by second-generation 
metalloporphyrins, tetrakis(pentafluorophenyl)porphyrin metal(III) chloride 
[TPFPPMCl] and tetrakis(dichlorophenyl)porphyrin metal(III) chloride [TDCPPMCl] 
(Figure 2.3), (metal = Fe or Mn) and using iodosylbenzene and metachloroperbenzoic 
acid as oxidants, monitored using the HPLC technique. This study produced 32% 
yield for the TPFPPMnCl/PhIO system with formation of the metabolites DBA (2- 
chloro-4-(isopropylamino)-6-amino-s-triazine(deethylatrazine)) and DIA (2-chloro-4- 
(ethylamino)-6 -amino-s-triazine (deisopropyl-atrazine)), in addition to the COA (2- 
chloro-4-(acetamido)-6-(isopropylamino)-s-triazine) main product, identified by MS, 
which was one of the five other products formed (Scheme 2.14). The authors 
concluded that these catalysts can mimic both the in vivo and the in vitro action of 
cytochrome P450s.^^^
A) por-M^  ^ + PhIO por-M^=0
+ ATZ
+por-M
DBA
por-M =0
2 por-M' '^ = 0IV_r^tAIZ^ COA
por-M^=0
He.erol>*por.MV=o.
B) por-M"' + ROOH —
cleavage
+  ATZ DBA
 ^^ por-M^ = 0
+por-MIII 2 por-M^=0 +  ATZ
or 
/rIV=rpor-M =0
COA
Scheme 2.14 Mechanism of metalloporphyrins por-M-catalyzed ATZ oxidation (M= metal) and 
is unknown product.^ ^^
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Solvent can have a dramatic effect on the manner in which the metalloporphyrin (or 
its oxidized intermediate) reacts with the organic substrate. In 2008, Fabbri et 
conducted an investigation, proposing oxidation mechanisms for a-alkyl substituted 
mono- and di-methoxylated benzyl alcohols (Figure 2.5). These reactions were 
catalyzed by (TPFPPFeCl) in dichloromethane using iodosylbenzene as the oxidant, 
and (TSPPyPFeCl) and (TMPyPFeCl) in aqueous solution using potassium phosphate 
buffer and KHSO5 as the oxidant. In the presence of the low polarity solvent DCM, 
competition between a hydrogen atom transfer mechanism and an electron transfer 
mechanism was noted. However, in a highly polar aqueous medium (in this case, pH 
3), the reaction occurred via an electron transfer mechanism (Scheme 2.15).^^
Structure of metalloporphyrins
,N+-CH-R =
TMPyPFeCl
Structure of substrates 5-12
5 X=0CH3,Y=H,R=CH3
6  X= OCH3 , Y= H , R= CH2CH3
7 X= OCH3 , Y= H , R= CH(CH3)2
8 X= OCH3 , Y= H , R= C(CH3)3
Y
TSPPFeCI
SO3- ,
X
TPFPPFeCl
OH
i -
9 X,Y= OCH3 , R= CH3
10 X,Y= OCH3 , R- CH2CH3
11 X,Y= OCH3 , R- CH(CH3)2
12 X,Y= OCH3 , R= C(CH3)3
Figure 2.5 Structures of metalloporphyrins and substrates 5-12 used in this study.87
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por-Fe(III) + DO
DO = different oxygen donors
or ■‘■'-Fe,1V ; + D
In the low polar solvent
"Ô
)or
OH
+._pgiv ) + A r - C - R  — por-Fe^^I
H
O
ET por-Fe^^ + A r— C -R  
H
OH O
I _  T T +  II
A r—c - R - M 2 _ ^  A r - C - R
-W O
A r - C - H  + H^ + R*
ET = electron transfer , HAT = hydrogen atom transfer
In the high polar aqueous solution
por-Fe
OH
C -R
OH
I
C -RH3CO OHC
OH
I
C -R
Nuclear 
Oxidation ProductOHCpor-Fe
solvent
cage
Si de-Chain 
Oxidation Product
Scheme 2.15 HAT and ET mechanisms in the oxidation of compounds 5-12.*^
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In 2012, Franke et al?^ outlined the reactivity systems observed in the reaction of 
[p2oTPPFe™X] (X = C r or OTf) in acetonitrile with H2O2/HOO at -15 in Scheme 
2.16. In such systems no oxidation of substrate occurs due to the stable hydrogen 
peroxide/hydroperoxo-iron(lll) porphyrin intermediates generated. Thus, the authors 
concentrated their investigations on the reactivity of [F2oTPPFe™X] towards H2O2 
under alkaline conditions to find more suitable hydroperoxo-iron(lll) porphyrin
intermediates. 20
[F2oTPPFe'''X]
solvent
excess H2O2 (slow) 
H2O2, reduction
+ HOP' (fast)
o
por -Fe^^ 
X
OOH
por-Fe^^^ homolysis
catalyst
destruction
O
I . Vpor-lje
X
Scheme 2.16 Reactivity patterns observed in the reaction of H2O2 /HOO with [F2oTPPFe °X] (X 
= c r  or OTf) in acetonitrile at -15 ”C.^ ®
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Aims/Objectives
While the reaction mechanism of typical metalloporphyrins, e.g. the FioTPPFeCl, may 
appear to be well-established, the current knowledge of this process pertains mostly to 
the aspects of the cycle that occur in the later stages. Traditional monitoring methods, 
such a UV-Vis monitoring, can only examine the reaction after about the first 10 s 
have lapsed, as this is the typical duration of the mixing process. Although the 
Stephenson and Bell cycle (Scheme 2.13) shows much “chemistry” prior to the 
formation of the putative intermediate por^*-Fe^=0, much of this mechanism is 
speculative, as even where tentative rate-constants for formation of this intermediate 
are given, as in the Cunningham mechanism (Scheme 2.12), these probably relate to a 
sequence of steps. Therefore, the main aim of the present study is to examine, using a 
stopped-flow system, the processes that takes place in the first 1 0  seconds, during 
which ‘traditional’ mixing takes place, in order to quantify and elucidate these yet 
unexplored processes. Moreover, as it is unclear whether these processes are affected 
by the presence of an organic substrate, both cases, i.e. H2O2 only and H2O2 with 
alkene, will be examined. The possibility of using the less vigorous dioxygen in 
combination with a reductant as oxidant will also be explored and the standard steady- 
state reaction will be explored to begin with. Finally, the effect of various additives, 
e.g. water, on the “early stage” processes will be examined. Since the F2oTPPFeCl 
compound is robust, readily available and well studied (in the “later stages”) the 
initial work will focus of this catalyst (by monitoring changes in its UV-Vis 
spectrum). The experiments that will be performed as a part of this study will help 
investigate the kinetics of the pre-steady state reactivity of the reaction of 
metalloporphyrin with hydrogen peroxide within the first 0-10 seconds. To achieve 
this goal, various equilibrium constants at different solvent mixture ratios, along with 
various rate constants will be calculated when iron porphyrin F2oTPPFeCl is used by 
applying the single mixing stopped-flow technique. Similarly, using oxidizable 
substrate (HNQ), the same constants will be determined by applying the double 
mixing stopped-flow technique.
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At present, many mechanisms are based on “kinetic” data derived from yield studies. 
However, analysis by traditional UV-Vis, or by stopped-flow UV-Vis requires a 
species that is UV-Vis active. Although the Fe- (or other metal) porphyrin catalyst 
falls easily into this class, as neither the oxidant (H2O2) nor a typical alkene substrate 
such as cyclooctene does, this poses a problem of selecting a suitable technique. 
While a substrate such as stilbene is UV-Vis active, the very high concentrations (e.g. 
1 M) typically used in these studies preclude direct monitoring of alkene loss by UV- 
Vis (as does the fact that the alkene is usually in substantial stoichiometric excess). 
Hence, in order to apply stopped-flow UV-Vis chosen for this study, a UV-Vis active 
substrate that reacts cleanly, and is so highly reactive that it can comfortably be used 
at sub-mM levels is required. In their earlier work, Cunningham et al. made use of 
several 3-alkyl-2-hydroxynaphthoquinones; hence, in this study, simple 2- 
hydroxnaphthoquinone will be used, as a convenient substrate for studying the 
catalytic cycle. In this context, naphthoquinones are also of interest, due to their 
importance as structural units in many natural products, which can undergo many 
important biological transformations. Naphthoquinones are also used in industry on a 
large scale as dye reagents or components. Thus, the final aim of the present study is 
to assess whether the species present are significantly affected by addition of 
oxidisable substrate, namely 2-hydroxy-1,4-naphthoquinone HNQ. Here, F e ^ = 0  and 
its reaction towards HNQ, is of particular interest, i.e. whether it is easily reduced by 
HNQ, in which case an equilibrium or reaction occurring within the first 1 s should be 
perturbed. The specific aim of this part of the study is to investigate the effect of 
adding the substrate HNQ to the mixture of Fe™ and H2O2. Moreover, the effect of 
temperature variation on the reaction will also be measured utilizing the double 
mixing stopped-flow technique.
5 2
OH
O
2-Hydroxy-1,4-naphthoquinone (HNQ)
Finally, it should be noted that the following catalysts will be studied in this work:
1. 5,10,15,20-tetrakis(pentafluorophenyl)-21F^,23Ff-porphyrin iron(III) chloride 
FzoTPPFeCl 1.
2. 5,10,15,20-tetraphenyl-217f,23H-porphyrin iron(III) chloride 2.
3. 5,10,15,20-tetrakis(4-sulfonatophenyl)-21//,23//-porphyrin manganese(III) 
chloride 3.
4. 5,10,15,20-tetraphenyl-21i7,23i/-porphyrin manganese(III) chloride 4.
5 3
SOgH
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CHAPTER}
CHAPTER 3: Oxidation of Alkenes Catalyzed by Selected 
Metalloporphyrins
3.1 Introduction
The selectivity and the percentage yield of epoxidation or hydroxylation of 
cycloalkenes such as cyclooctene, by oxygen donors such as hydrogen peroxide or 
dioxygen, catalyzed by metalloporphyrins are affected by numerous factors, some of 
which will be explored in this study. The determination of substrate (and its product) 
in these reactions is often by GC, and this provides a preliminary picture of the 
expected reaction from stopped flow experiments. In many studies mechanisms are 
based on ‘kinetic’ data derived from yield studies
3.2 Chapter Aim
The aim of the experiments described here was to determine the effect of different 
mixed solvent ratios of MeOH-DCM on the yield from epoxidation of cyclooctene 
catalyzed by Fe-1 using hydrogen peroxide or dioxygen (plus reductant) as oxidant. 
An additional goal was to distinguish the products that emerged when different 
metalloporphyrins were used, using the gas chromatography (GC) technique.
3.3 Experimental
3.3.1 Materials
Cyclooctene 95% (GC) was sourced from Fluka, methanol (HPLC) from Sigma- 
Aldrich, and dodecane from BDH AnalaR, whereas dichloromethane (HPLC) was 
obtained from Sigma-Aldrich. Hydrogen peroxide solutions were prepared by 
appropriate dilution (30% w/v) of the BDH Laboratory Reagents. The following
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catalysts were obtained from Fluka in the highest available purity grade: 5,10,15,20- 
tetrakis(pentafluorophenyl)-21i/,23//-porphyrin iron(III) chloride F2oTPPFeCl 1, > 
97% (HPLC); 5,10,15,20-tetraphenyl-2177,237f-porphyrin iron(III) chloride 2; 
5,10,15,20-tetrakis(4-sulfonatophenyl)-21//,237f-porphyrin manganese(III) chloride 
3; and 5,10,15,20-tetraphenyl-21//,23i7-porphyrin manganese(III) chloride 4. All 
were provided by Spectrum Chemical MFG. CORP. All chemicals were used as 
received without any previous treatment unless indicated otherwise.
SO3H
Figure 3.1 Structures of metalloporphyrin catalysts used in this study.
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3.3.2 Apparatus
1. The quantitative analysis and the identification of the oxidation products of alkene 
substrates, such as cyclooctene, were performed using Shimadzu GC-2010 Gas 
Chromatograph with a 25 m x 0.25 mm fused silica column and flame ionization 
detector under the following operating conditions: injecting, column, and detecting 
temperatures 250 °C, 150 °C, and 250 °C, respectively.
2. Some UV-Vis spectra were recorded using a thermostatted Cecil UV-CE2700 
spectrometer. Quartz UV cuvettes (max. volume ca. 3 ml) were of path length 10 mm 
and were capped with Teflon stoppers. Aliquots of stock solutions were injected using 
25 and 100 pi microsyringes.
3.3.3 Procedure (Methods): GC and UV-Vis analysis of catalyzed cyclooctene 
oxidation
Cyclooctene was epoxidised at 25 °C with hydrogen peroxide catalyzed by 
FioTPPFeCl (1) in solvents of different ratios of MeOH-DCM, using GC to follow the 
product (oxide) and UV-Vis in order to enable the catalyst analysis at 25 °C.
Internal standard dodecane (0.2040 ± 0.0002 g, 1.20 mmoles) was dissolved in 25 ±
0.06 ml of different ratios of MeOH-DCM in a volumetric flask, yielding a 48.0 ± 0.5 
mM solution in dodecane. Stock catalyst F2oTPPFeCl 1 (1.0 mg ± 0.0002 g, 9.4x10'^ 
moles) was dissolved in 1 ml methanol to obtain a 0.94 mM solution.
Using H 2O2 as oxidant: In order to initiate the reaction, 20 pi of 0.94 mM 
F2oTPPFeCl stock solution was added to 260 pi of neat cyclooctene in the reaction 
cell and the mixture was diluted with solvent (1688 pi). A preliminary scan of the 
mixture (UV-Vis at 350-700 nm) was taken before addition of 32 pi of 30% (8 .8  M) 
H2O2. After 2 hours, the UV-Vis spectrum was re-recorded and the reaction was 
subjected to GC analysis. At t = 0 , all concentrations were [F2oTPPFeCl]o = 9.4 pM, 
[cyclooctene] = 0.970 M, [H2 0 2 ]o = 0.141 M, [dodecane] = 40.5 mM (0.0405 M).
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In addition, in order to kinetically investigate the loss of Fe-porphyrin immediately 
after addition of H2O2 at 25 °C, the catalyst absorbance at the (e.g. F2oTPPFeCl = 
390 nm) was read at 1 minute intervals for 20 minutes, after which the intervals were 
increased to 1 0  minutes and six more readings were conducted.
Using O2 as oxidant: For this procedure, 100 pi of 1 mM catalyst 1-4 was added to 
268 pi of neat cyclooctene in the presence of 0.015 g (0.41 mmoles) of NaBIU and 
the mixture was diluted with solvent (1632 pi). The solvent 3:1 MeOH-DCM 
contained 0.048 M dodecane as internal GC standard. At t = 0, all concentrations were 
[catalystjo = 50 pM, [cyclooctene] = 0.999 M, [dodecane] = 39.2 mM, [NaBIU] = 0.2 
M in the mixture. The oxidant O2 was gently bubbled in for up to 8  h at 25 °C.
For GC analysis, after the reaction was completed, the sample was purified by passing 
through a small column containing glass wool and 0.5 g silica gel (8 % ) ,  typically 60 
drops of sample washed through with 60 drops ethyl acetate. Once the sample was 
washed through, the eluent was collected in a sample tube and the product was 
analysed using GC; the sample was injected 3 times. Yields were calculated by 
comparison of the product peak area versus that of the dodecane internal standard. 
Area ratios were converted to mole ratios using calibration graphs. The entire reaction 
was repeated for the following solvents 100% MeOH, 3:1 MeOH-DCM, 1:1 MeOH- 
DCM, 1:3 MeOH-DCM, and 100% DCM.
3.4 Results
3.5 Preliminary work (GC and UV-Vis analysis of catalyzed 
oxidation of cyclooctene)
In order to clarify the solvent dependence of the steady-state kinetics of 
metalloporphyrin-catalyzed H2 0 2 -oxidation, the oxidation of cyclooctene with 
hydrogen peroxide catalyzed by F2oTPPFeCl 1 in solvents of different ratios of 
MeOH-DCM was studied by GC. The expected reaction is shown in Scheme 3.1.
58
H2O2; Fe-1  ^
MeOH-DCM
Scheme 3.1 Epoxidation of cyclooctene catalyzed by iron(III) porphyrin
The results reported in Table 3.1 show that only a small yield of cyclooctene oxide 
product was detected after 2 h. However, there was a small increase in oxide yield 
with the increase of the methanol ratio in the mixture, which reached maximum at 3:1 
ratio. This result was consistent with previously reported f i n d i n g s , a l b e i t  with 
lower percentage of oxide yield. The decay of FioTPPFeCl 1 over this time was clear 
from the UV-Vis spectrum, whereby, after more than 2 h, the spectrum showed a 
decrease in the Soret peak intensity without formation of any new band, thus 
indicating the bleaching of F2oTPPFeCl.
Table 3.1 Oxidation of cyclooctene by H2O2 catalyzed by F2oTPPFeCl 1 in solvents of different 
ratios of MeOH-DCM (data are displayed witb mean ±standard deviation SD).
Solvent Cyclooctene oxide yield % “
100% MeOH 0.66 ±0.052
3:1 MeOH-DCM 0.8 ±0.133
1:1 MeOH-DCM 0.23 ±0.028
1:3 MeOH-DCM 0.09 ±0.003
100% DCM 0
based on H2O2, after 2  h.
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Despite the low yield, mixed MeOH-DCM solvent did result in oxidation, which is a 
significant observation, as not all solvents do. For example, Liu and co-workers'^^ 
have carried out investigations in order to evaluate the effect of water-soluble 
oxidants KHSO5, NaClO, NaI0 4  or H2O2 on catalytic activity of metalloporphyrins 
with different central metal ions (Mn, Fe, Co, Cu) in 1:1 MeCN-H2 0  for oxidation of 
styrene. However, none of these porphyrins yielded product in the oxidation of 
styrene with H2O2 presumably because (in part at least) of the solvent.
The low yield of epoxide seems, in part at least, to be because of the bleaching of the 
Fe-1. In order to assess the effect of changing the metal on the bleaching, the reaction 
catalyzed by TPPMnCl 4 was carried out under identical conditions. The UV-Vis 
spectrum showed significant, yet slow, decay, as measured by the Soret peak at 467 
nm over several weeks in methanol, 3:1, 1:1, and 1:3 MeOH-DCM (Figure 3.2). 
However, when only DCM was used, the Soret peak shifted to 477 nm at t = 0 and 
fully decayed over a period of 1 day (Figure 3.3).
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Figure 3.2 UV-Vis spectra showing the decay of TPPMnCl with time over 2 weeks, in the 
oxidation of cyclooctene hy H2O2, in methanol, 3:1,1:1, and 1:3 MeOH-DCM, 25 "C, (a) t = 0, (h) 
t = 1 day, (c) t = 1 week, and (d) t = 2 weeks. [F2oTPPFeCI]o = 9.4 pM, [H2 0 2 ]o = 0.141 M, 
[cyclooctene] = 0.948 M
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Figure 3.3 UV-Vis spectra showing the decay of TPPMnCl with time over 1 week, in the 
oxidation of cyclooctene by H2O2, in DCM, (a) t = 0, (h) t = 1 day, and (c) t = 1 week 
[F2oTPPFeCI]o = 9.4 pM, [H2 0 2 ]o = 0.141 M, [cyclooctene] = 0.948 M
The results presented in Table 3.1 clearly indicate that, under certain conditions, the 
active intermediate generated from H2O2 gives very low yield o f epoxide, probably 
due to rapid bleaching of the catalyst. However, a Mn"^ metalloporphyrin shows 
slower porphyrin degeneration.
Amongst the generally low yields, the highest product yield for Fe-1 was found at 3:1 
ratio of MeOH-DCM. Thus, many of the experiments described in subsequent 
sections were performed in this ratio or in 100% MeOH (later chapter). Moreover, the
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yield, while low at 0.8%, represents a final epoxide yield of 1.13 mM; thus, assuming 
that all catalyst is destroyed in this experiment (10 pM), it represents a turnover of ~ 
113. As this is definitely catalytic, compound Fe-1 was ehosen as the standard one for 
study.
It is clear that the catalyst degradation using H2O2 is severe, something previously 
noted in the literature."^^’^ ’^^ ’^^ ^^  Thus, in order to establish if the use of O2 plus 
reductant would mitigate this issue, investigations on the oxidation of cyclooctene 
with O2 (plus NaBILt) as oxidant catalyzed by metalloporphyrins 1-4 in 3:1 MeOH- 
DCM were carried out. Experiments were run for 8 h at 25 °C and the results were 
reported. As shown in Table 3.2, for all metalloporphyrins 1-4, the products of the 
cyclooctene oxidation using O2 plus NaBH4 were cyclooetene oxide and 
cyclooctanone. In contrast, when F2oTPPFeCl 1 was used as catalyst, cyclooctanol 
was the predominant product, in addition to other products shown in Figure 3.4 - 
Figure 3.8, all of which were analysed by GC, GC-MS, and UV-Vis. The products 
were identified from their charaeteristie MS, including the fragmentation patterns.
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Table 3.2 Oxidation of cyclooctene by O2 plus NaBIT, catalyzed by different metalloporpbyrins in 
3:1 MeOH-DCM
Metalloporphyrins
yield %
Cyclooctene Oxide 
(R.T.=6.70-6.72min)“
Cyclooctanone
(R.T.=7.04-7.06min)“
Cyclooctanol
(R.T.=7.89-7.90min)^
(F2oTPP)FeCl 1 0.32 2.01 54.61
TPPFeCl 2 0.37 2.72 0.00
TSOsPPMnCl 3 0.56 4.52 0.00
TPPMnCl 4 0.37 2.81 0.00
‘Analyzed by GC; for conditions see experimental.
Note: The internal standard dodecane was added at a level suitable for the relatively 
high yields found with 1. For 2, 3, and 4 yields were much lower, so the dodeeane 
peak appears “off scale” in Figure 3.8.
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Figure 3.8 GC-MS analysis of the oxidation of cyclooctene by O2 catalyzed by TPPFeCl 2 (a), 
TSOsPPMnCl 3 (b) and TPPMnCl 4 (c) in 3:1 MeOH-DCM in the presence of NaBH4
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The data reported in Table 3.2 clearly indicate that the overall product yield primarily 
depends on electron-withdrawing groups on the porphyrin ring. The yield was 
approximately 57% in the case of Fe-1, and around 3% for Fe-2. Also when 
comparing Mn-3 with Mn-4, the product formed in the former case was slightly more 
than the latter, although a change in the metal ion alone of metalloporphyrin has no 
significant effect on the yield as shown by the results for Fe-2 and Mn-4, which are 
similar to each other.
The problem of low oxidation yield is a common one, not only in metalloporphyrin 
catalyzed oxidation. The issue of relatively low product yield of cyclooctene oxide 
during the epoxidation of cyclooctene and 1-decene with hydrogen peroxide in the 
presence of iron(II) pyridine-azamacrocycles, was noted by Ye et a l  in 2012, who 
proposed addition of acid to remedy this although the authors did not explain the
131reason.
As shown in Figure 3.9, the UV-Vis spectra from the oxidation of cyclooctene with 
O2 plus NaBH4 catalyzed by catalyst 1 in 3:1 ratio of MeOH- DCM indicate that the 
Soret peak, which was recorded at 410 nm before bubbling in the oxygen, shifted to 
the 401 nm wavelength 4-8 h after the reaction commenced, indicating a change in 
matalloporphyrin species from F2oTPPFeCl to another possibly active one. The 
apparent increase in absorbance was attributed to the bubbling oxygen evaporating 
some solvent and increasing the concentration of the catalyst.
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Figure 3.9 UV-Vis spectra showing the decay of FioTPPFeCl in the oxidation of cyclooctene by 0% 
plus NaBH4 in 3:1 MeOH-DCM at 25 "C, (a) t = 0, (h) t = 4 h, and (c) t = 8  h, [catalystJo = 50 pM, 
[cyclooctene] = 0.977 M, [dodecane] = 39.2 mM, [NaBH ]^ = 0.2 M
3.6 Discussion
Speculating on the nature of the oxidising intermediate, the peak ~ 400 nm ((b) in 
Figure 3.9) suggests Fe^^-HiOi (maybe 0% + BHF H2O2). The pathway of the 
epoxidation of cyclooctene with molecular oxygen as oxidant catalyzed by 
metalloporphyrins in the presence of NaBH4 as base is proposed in Scheme 3.2.
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Scheme 3.2 Epoxidation of cyclooctene with molecular oxygen.
While both routes, H2O2 and O2 plus NaBILj, were successful in oxidizing, yields 
especially for H2O2 were low. When trying to establish the reason for the low 
percentage yield of oxide formed by either H2O2 or O2 plus NaBILt, several 
possibilities were considered:
i. Increasing the electron density on the iron cation by complexing of cyclooctene 
(present at high concentration), as this would promote homolytic cleavage, forming 
por-M^-OH or por-M ^=0 relative to heterolytic cleavage of the 0 - 0  bond with 
coordinated H2O2, which forms the active intermediate por‘^ *-M^^=0. Hence, both 
H2O2 consumption and epoxide yield could be reduced."^^’"^ ’^^ ’^^ ^
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ii. Even if a heterolytic 0 - 0  bond cleaves to form por'^*-Fe^^=0 (which has a very 
short lifetime and can react rapidly with another H2O2 to yield H2O and O2) in 
addition to the formation of por-Fe^=0 due to homolytic 0 - 0  bond cleavage, 
(according to Scheme 2.1), there can be either very low or no epoxide product yield 
from reaction with organic substrate (i.e. olefin). This is because the reaction of the 
intermediate with H2O2 might occur faster than the oxygen atom transfer from the 
intermediate to organic substrate."^^’"^ ’^^ ^
iii. The oxide yield is presumably roughly proportional to the time; it needs a longer 
time to complete. However, this is difficult for the H2O2 reaction, as it seems clear 
from the UV-Vis, that the catalyst is quickly bleached.
For all these possibilities, further investigation would be required to answer why these 
results were found. Despite the interesting results for the O2 (plus NaBH4) oxidant, 
the many difficulties (e.g. loss of solvent, difficulty of using O2 gas in stopped-flow) 
meant that the oxidation of simple alkene substrate (cyclohexene or cyclooctene) was 
not investigated further.
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CHAPTER4
CHAPTER 4: The Kinetics and Mechanism of the Reaction 
of 5,10,15,20-tetrakis(pentafluorophenyl)-21H,23H- 
Porphyrin Iron(III) Chloride with Hydrogen Peroxide
4.1 Introduction
The hydrogen peroxide (H2O2) reaction catalyzed by 5,10,15,20- 
tetrakis(pentafluorophenyl)-21/f,23/f-porphyrin iron(III) chloride complex 
F2oTPPFeCl (Fe-1) was chosen as the standard reaction for study of the early stages of 
metalloporphyrin-catalyzed epoxidation. The extent and complexity of the literature 
on this topic is testament to the variability of these reactions, which appear to vary 
with catalysts, oxidants, substrates, and This study
also includes an examination of the reaction in different solvent mixture ratios of 
MeOH-DCM, as this solvent is a popular choice for oxidations of alkenes using this 
catalyst, given that it is suitable for dissolving the catalyst, oxidant and the non-polar 
alkene. In addition, a further aim was to explore the pre-steady state reactivity with 
oxidisable substrate present, while avoiding the use of the standard alkene types, e.g. 
cyclooctene, which need to be analysed by sampling and GC. Moreover, these alkenes 
need to be used at such high levels (~ M) that they act as co-solvent. Consequently, 2- 
hydroxy-1,4-naphthoquinone (HNQ) was used instead, as it is UV-active, and can be 
used in steady-state experiments at pM levels. It reacts cleanly, and prevents loss of 
the catalyst even in the presence of excess H2 0 2 .^ ’^^  ^While some reactions with HNQ 
are explored in this chapter, most of the HNQ reactions are dealt with in chapter 5. So 
first, the interaction of Fe-1 with H2O2 in different solvent ratios in the absence of 
substrate (HNQ) was studied by UV-Vis stopped-flow spectrophotometry.
4.2 Chapter Aims and Objectives
The aim of the experiments described here was to investigate the kinetics and 
mechanism of the pre-steady state reactivity of the reaction of metalloporphyrin with
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hydrogen peroxide within the traditional mixing time of 0-10 seconds. To achieve this 
goal, the equilibrium constant for Fe-1 /H2 0 2  complexation in different solvent 
mixture ratios, and the observed first order rate constant (^ obs) for subsequent reaction 
of the complex (with k  forward and k reverse (&r)) were determined by applying 
the single mixing stopped-flow technique; when oxidizable substrate (HNQ) was also 
used, the double mixing stopped-flow technique was applied.
4.3 Experimental
4.3.1 Materials
Methanol was used as received. Dichloromethane was dried and distilled over calcium 
hydride under nitrogen gas prior to commencing the experimental procedure (Figure
4.1). Hydrogen peroxide solutions were prepared by appropriate dilution (30% w/v) 
of the BDH Laboratory Reagents and were standardized by iodometry, according to 
V o g e l . I n  addition, 2-hydroxy-1,4-naphthoquinone HNQ 97% was obtained from 
Sigma-Aldrich.
OH
O
2-Hydroxy-1,4-naphthoquinone (HNQ)
The catalysts used for these experiments were [5,10,15,20- 
tetrakis(pentafluorophenyl)-21/7,23/7-porphyrin iron(III) chloride complex] 
(F2oTPP)FeCl 1, 5,10,15,20-tetraphenyl-21/7,23/7-porphyrin iron(III) chloride
complex 2; 5,10,15,20-tetrakis(4-sulfonatophenyl)-21/7,23/7-porphyrin
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manganese(III) chloride complex 3; and 5,10,15,20-tetraphenyl-21//,23//-porphyrin 
manganese(III) chloride complex 4. Catalysts were obtained from Sigma-Aldrich.
d i
Figure 4.1 Distillation and drying system for dichloromethane under nitrogen.
Hydrogen peroxide solutions were prepared by appropriate dilution (30% w/v) of the 
BDH Laboratory Reagents and were standardized by iodometry according to 
V o g e l . F i r s t ,  10.0 ml of hydrogen peroxide was diluted in 250 ml of distilled water, 
after which 25.0 ml of diluted hydrogen peroxide was added into a mixture of 100 ml 
of 1:20 sulphuric acid with 10.0 ml of 10% KI and 3 drops of 3% ammonium 
molybdate. Once this process was complete, the solution was left standing for 15 min. 
Next, the librated iodine was titrated by 0.1 N sodium thiosulphate, after which 2 ml 
starch solution was added as indicator. Once the titration (carried out under carbon 
dioxide gas) was completed, the concentration of hydrogen peroxide was calculated.
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4.3.2 Apparatus
Rapid scans and kinetic measurements were performed using an Applied 
Photophysics SX.18MV-R Stopped Flow Spectrometer (Figure 4.2) with 150 W 
Xenon arc light source and sample-handling unit, fitted with a 20 pL cell cartridge of 
2 mm path length. Two detectors were employed to record the measurements; a 
photomultiplier absorption detector 300-900 nm was used for the single wavelength 
experiments, and the scanning experiment data were recorded using a photodiode 
array detector with a 300-1100 nm wavelength range. The solutions for the kinetic 
experiments in stopped-flow syringes were thermostatted at the desired temperatures 
using Thermo NESLAB RTE-201 refrigerated circulators (Figure 4.3). The 
temperatures of the solutions were read directly via a computer program attached to 
the cell block of the stopped flow spectrometer. Finally, data acquisition and analysis 
were performed by applying Pro-Data WindowsTM control software, with some 
examples of the output presented in Figure 4.4 and Figure 4.5
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A ground wire
Figure 4.2 Applied Photophysics SX.18MV-R Stopped Flow Spectrometer.
e syringes, flow lines and optical 
cell are surrounded by a thermostated 
circulating water bath
A thermostated 
circulating water
Figure 4.3 Thermo NESLAB RTE-201 Refrigerated Circulators.
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Figure 4.4 The output of the kinetic trace spectra for alkaline hydrolysis of 2,4-DNPA (2,4- 
Dinitrophenylacetate) in methanol at 24.3 °C (red) and -22.0 °C (hlue) at 360 nm.
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Figure 4.5 The output of the full scan spectra for hydrolysis of the complex cation [Ni(en>3]^  ^ in 
acidic aqueous solution covering the time range from a few ms to 2 0 s.
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Installation of the stopped flow
In order to gain technical knowledge required for these experimental procedures, PhD 
Student Amal Basaleh and Dr. Hanaa Gazzaz travelled to the United Kingdom in 
January 2004 and were given training by Matt Pope, a member of the technical 
support team working at Applied Photophysics, 203/205 Kingston Road, Leatherhead, 
KT22 7PB, United Kingdom. Thus, the installation of SX.18MV-R Stopped-Flow 
spectrophotometry in these experiments followed the procedures and involved the 
equipment this laboratory is using, as listed below (Figure 4.2):
1. Power supply and igniters unit
2. 150W Xenon lamp housing
3. Spectra kinetic monochromator
4. Sample handling unit fitted with 20 pi cell catridge, 2.5 ml cell syringe, and 1 ml 
stop syringe
5. Colour monitor with computer
6 . Channel 1 using for absorbance control (photomultiplier detector)
7. Channel 2 using for emission control (fluorescence detector)
The components listed below were connected into a single, functional apparatus using 
special ground power wires. Further, the sample handling unit was connected to a 8  
bar nitrogen gas cylinder for symmetric mixing, using the same size syringes in order 
to achieve 1:1 mixing ratio. However, the pressure had to be adjusted to 2 bar using 
different syringe sizes when asymmetric mixing occurred.
Single mixing:
The sample handling unit contained a two-drive ram, whereby single and double 
(sequential mixing) mixing was achieved by the left/right hand drive, respectively.
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The left hand flush drive ram comprises of two syringes that can rapidly inject equal 
small volumes of reactant solutions through a mixer. The resultant mixture passes 
through a measurement flow cell, reaching a stopping syringe. Figure 4.6 shows the 
flush drive (C and F) with stop syringe on the left hand side of the frame, with the 
flush line connections depicted on the right. In this experimental arrangement, as a 
steady state flow is achieved just prior to stopping, the solution entering the flow cell 
is only milliseconds old. The age of this reaction mixture is also known, as it equates 
the dead time of the stopped-flow system. As the solution fills the stopping syringe, 
the plunger hits a block, blocking the flow instantaneously. The data are collected by 
recording the photomultiplier output in digitized form, with the acquisition rate set by 
the user.
It should be noted that the above described apparatus can be used over a very wide 
temperature range (-20 °C to -1-60 °C), is characterized by 1.5-2 ms dead-time, and 
features a removable cell cartridge of 2 0  pi volume, cell with optical path lengths of 
10 mm and 2 mm, and minimum sample volume requirement of 40 pi per syringe.
Single mix dri'^ ram
Figure 4.6 Single Mixing Stopped Flow
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4.3.3 Kinetics Procedure (Methods)
For this procedure, a stock solution of 1 mM FioTPPFeCl was prepared in methanol. 
One of the two drive syringes of a stopped-flow module was filled with 2.5 ml of a 
solution containing a 20 pM FioTPPFeCl methanolic solution. The other syringe was 
filled with various concentrations of hydrogen peroxide (e.g. 200 mM) as methanolic 
solutions. In each run, 150 pL of each solution was mixed in the stop syringe. The 
time resolved spectra were constructed over different timebases, e.g. 100 ms and 16.4 
sec. The absorbance with time variation was monitored at various wavelengths, e.g. 1 
= 388 nm and X = 412 nm. In some cases a scan involving a wide wavelength range, 
e.g. from 300-700 nm, was carried out using 3.3 nm increments. All measurements 
were carried out at 25 °C. The data collected in this manner were subsequently 
processed by the designated computer software.
4.3.3.1 Calculation of Equilibrium constant
Many chemical reactions, such as reactions accelerated by very low concentration of a 
catalyst as in this work, do not completely convert reagents to p r o d u c t s . T h i s  is 
illustrated in the following reaction.
Above in eqn. 1, in the first step, the reaction forms a mixture of initial product (C) 
and unreacted reactants in a dynamic equilibrium consisting of a forward reaction, in 
which substances react to give products, and a reverse reaction, in which product (C) 
reacts to give the original reactants; when the rates of the forward Rf and the reverse 
reaction Rr are equal, the chemical system is at equilibrium. Finally, based on the 
outcomes of these processes, the equilibrium constant is calculated.
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The rate can be shown from the reactions A + B  Q = kf {A\ [B], and C A + 
B, as Rr = kr[C]. At equilibrium, when Rf = Rr, these two expressions become equal, 
i.e. kf [A] [R] = kr[C].
The equilibrium constant K  relating to the equilibrium condition at a certain 
temperature is given by the following expression:
k, [A][B]
In the reaction relevant to this experiment (and assuming C D {k step) is slow), 
this becomes:
K
Fe-1 + H2O2 Fe-H2 0 2
"Fe” "c"
According to the Beer-Lambert law, Abs = e i  C, where Abs is the absorbance of a 
substance, e is the molar absorbitivity in L.m ol'\cm "\ i  is the path length of the 
observation cell in which the sample is contained (expressed in cm), and C is the 
concentration in M (mol L'^). Thus, based on the above, the absorbance at any 1 is 
given (assuming that H2O2 does not absorb at the relevant 1 ) by
Abs = Spe ^  [Fe] + Sc F [c]
where according to stoichiometry, the following equality holds:
[ c ] = [F eo]- [Fe]
Here, [Fsq] is the initial concentration of Fe, and [Fé] is the equilibrium concentration 
of free Fe. Hence,
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Abs =  £pe S [Fe] 8c F [Feo] -  [Fe]
Abs = {Spe -  8c)-e [Fe] 4- 8c F [Feo]
However, at high enough [H2O2], all the Fe is in the form of Fe-H2 0 2 , i.e. ‘o’; 
therefore, 8c F [Feo] is equal to absorbance at high [H2O2] (AZ?5hi)
Abs = {8pe -  8c) F [Fe] +  Abs^hi
Therefore
[Fe] =
Abs — AbSfii
(Spe -  Sc)
At [H2O2] = 0, all absorbance is due to the Fe species only, i.e. 8pg = Abso/F  [FSq], 
and since at high [H2O2] all absorbance is due to the ‘complex’, =  ^ b s^ tlF  [Feo] 
(if all the Fe is in the form of ‘c ’ the concentration of ‘c’ must be the same as the 
initial concentration of Fe). This can be stated by the following expressions:
iSpe -  Sc) =
Absn AbSfii Absn — Abs0
£ [Feo] ^ [^6 0 ] F [Feo]
[c] = [Feo] -  [Fe] = \ l -
Abs -  AbSfii 1
Abso -  AbSfii . [Feo] =
Abso — Abs 
Abso -  AbSfii [Feo]
The equilibrium constant K  is equal to
K =
[c] Abso -  Abs Abso -  AbSfii 1
[Fe][H202] A b S o -A b S h i Abs -  Abs^i [H 2 O2 ]
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_  AbSo — Abs 1 
Abs -  AbSfii [H2 O2 ]
If a value of K  is estimated, a calculated Abs can be found using the expression below.
=
AbsQ + Abs^.K[H202]
In the experiments the estimated K  was selected to give the closest fit by visual 
inspection of Abscaic toAbsexpti
4.3.3.2 Calculation of A:obs, the rate constant
Pseudo-first order conditions were maintained in all experimental runs by the 
presence of a large excess of H2O2 (> 10-fold). The values of the first order rate 
constants were obtained by a simple first order plot of ln{Abst - Abscc) vs. t, by fitting 
to an equation Abst = (Abso - AbSço) exp(-M) + AZ?5oo, or using Guggenheim's method, 
as this last procedure is used to evaluate the observed rate constant when the time 
infinity is unknown. Moreover, this approach eliminates the need for accurate 
measurements near the beginning or end of the r e a c t i o n . I n  this method, the 
results consist of a set of absorbance measurements Ai, A2, A3, etc. taken at times ti, 
t2, ts, etc. and another set of absorbance readings Ai+a, A2+A, A3+A, etc. taken at 
corresponding times ti+A, t2+A, tj+A, etc., where A is the time interval between the 
beginning of the first set of readings and an approximate point at which half of the 
reaction has been completed. For the nth readings of each set, Guggenheim's method 
gives the following expression for the first order reaction:
ln(At+A - At) = -kx + C
where C = ln(Aoo-Ao)(l-e'^^) is a constant, indicating that a graph of ln(At+A - At) 
versus time should give a straight line with the slope given by -k .
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4.4 Results and Discussions
4.4.1 Effect of water on the Fe-1 catalyst in methanol
Whenever hydrogen peroxide is added to Fe-1 water is inevitably introduced. In this 
experiment, hydrogen peroxide is supplied as 30% of the total water content, which 
corresponds to ~ 8 .8  M in H2O2 and ~ 39 M in H2O. However, this content does not 
account for any water present in the solvent, which thus increases the ultimate water 
amount.
The effect of added water has been studied for iron(III) porphyrin cation, using 
tetrakis(pentafluorophenyl)porphyrin iron(III) triflate F2oTPPFe(OTf) in acetonitrile,^^ 
which according to the research findings in the absence of water, has a 
metalloporphyrin Soret peak at 390 nm wavelength. However, when water is present 
the porphyrin solution showed a decrease in the absorbance at this wavelength, with 
appearance of a shoulder on the Soret peak at 455 nm, and the formation of a new 
peak in the vicinity of 565 nm. Moreover, isosbestic points were seen at 405, 505, and 
537 nm. According to the authors, this indicated the replacement of coordinated 
acetonitrile by one water molecule or two in the axial positions.^^
Despite this, the authors concluded that adding water in quantities not exceeding 166 
mM does decrease the catalytic activity of Fe-l-O Tf although they failed to provide 
any explanation for this phenomenon. However, they also found the water has no 
effect when solvent is changed from acetonitrile to the protic solvent methanol 
(MeOH) or when MeOH is present as co-solvent, even if at only 1 %.
The literature evidence suggests therefore that addition of a small amount of water has 
no effect when MeOH is solvent or co-solvent. In this work, experiments were often 
conducted using 100% MeOH as solvent and adding up to 100 mM of water, but these 
showed at most only a slight shift to longer wavelengths (^ < 3 nm) of the Soret peak 
and little change in its shape. Therefore, based on these findings, and the results of
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Stephenson and Bell/^ it can be concluded that the water added along with the H2O2 
will have no effect on the experimental outcomes in this study.
4.4.2 Effect of H2O2 on Fe-1 in different solvent ratios of MeOH-DCM
4.4.2.1 In MeOH - Results
The presence of a Soret peak at 404 nm and smaller peaks at 470 and 575 nm in the 
UV-Vis spectrum of F2oTPPFeCl Fe-1 in MeOH (Figure 4.7) suggests that Fe™ is di­
coordinated by MeOH, i.e. (MeOH)-Fe™-l-(HOMe).24,26,39,138
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Figure 4.7 Rapid-scanning stopped-flow spectra for 10 pM Fe-1 in MeOH and for 10 pM Fe-1 in 
MeOH with 500 mM H2O2, at 25 “C, pathlength = 2 mm and t = 3 ms.
Upon mixing Fe-1 in MeOH with methanol solutions of various concentrations of 
H2O2 at mM levels (5-500 mM), a new absorbance peak at 388 nm appeared instantly.
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along with other peaks at 510 and 620 nm (in this context, the term ‘instantly’ refers 
to the first 3 ms of the reaction, including the 2 ms dead time). A shoulder was also 
evident around 408 nm, and was present across a wide range of [H2O2]. In order to 
obtain a ‘titration’ spectrum, individual experiments were carried out, each involving 
different amount of H2O2 added; spectra were taken ‘instantly’ (i.e at 0.64 ms, plus 
dead time of 2 ms) because subsequent reaction quickly altered the 388 nm peak (see 
below). These spectra are overlaid in Figure 4.8.
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Figure 4.8 Rapid-scanning stopped-flow spectra for titration of 10 pM Fe-1 in MeOH with 5 
500 mM H2O2, at 25 "C, pathlength = 2 mm and t = 3 ms.
After the initial formation of the 388 nm peak, during the first second, the peak at 388 
nm decreased for all levels of H2O2, and simultaneous growth of a shoulder at 408 nm
could be observed. There was also a decrease in the peaks appearing at 500 and 620 
nm, and a new band at 550 nm formed (see for example Figure 4.9).
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Figure 4.9 Rapid-scanning stopped-flow spectra for the reaction of 10 pM Fe-1 in MeOH and 100 
mM H2O2, at 25 ®C, pathlength = 2 mm and timehase = 1 s (after 2 ms dead time).
Assuming that all the 10 pM Fe-1 is converted to the substance that produces an 
absorption peak at 388 nm particularly at high [H2O2] (e.g. 500 mM in Figure 4.7 and 
Figure 4.8), a value of 8388 = 1.5 x 10  ^ L.mol'\cm"^ (extinction coefficient) can be 
calculated for this material with the ‘388 nm signature’ (pathlength of 2 mm). The 
single wavelength plot of absorbance versus [H2 0 2 ]o at the A-max of the new peak 388 
nm is given in Figure 4.10 and Figure 4.11
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Figure 4.10 Titration curve of 10 piM Fe-1 in MeOH with 0 -  500 mM H2O2 at 388 nm at 25 “C, 
pathlength = 2 mm and t = 3 ms.
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Figure 4.11 Portion of titration curve of 10 pM Fe-1 in MeOH from 0 -  100 mM H2O2 at 388 nm 
at 25 ”C, pathlength = 2 mm and t = 3 ms.
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Based on this titration, the value of K  (the equilibrium constant for complexation) was 
determined as explained in the experimental section and is expressed as log K  = 2.39 
± 0.03.
Following the complexation of H2O2 (< 3 ms), the intensity of peak at 388 nm started 
to decrease, accompanied by evident spectrum changes over the next 1 0 0  ms in a way 
that depended on the variation in the concentration of hydrogen peroxide, as 
exemplified by Figure 4.12. The reaction was monitored at 388 nm and is depicted in 
the plots for [H2 0 2 ]o = 50 - 500 mM, shown in Figure 4.13.
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Figure 4.12 Decrease in initially-formed 388 nm peak and growth of 408 nm.
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Figure 4.13 Loss of peak at 388 nm over 520 ms for various [HzOijo- Legend shows [H2 0 2 ]o in 
mM.
It is clear from Figure 4.13 that this conversion of the 388 nm peak to 408 nm peak is 
complete for all ^ O i l o  by 520 ms. However, the ‘end point’ spectra (i.e. after 520 
ms differed depending on the level of [HiOijo- The overlaid spectra at 520 ms (after 
the decrease in absorbance peak at 388 nm has ceased) in Figure 4.14 show a mixture 
of two peaks in the Soret region for all [HiOiJo, at 388 nm and 408 nm, respectively, 
it should be noted that the original Fe-1 has a A^ ax of 404 nm, while all spectra after 
520 ms showed a mixture of the 388 nm and the 408 nm peaks, the proportions of 
these differ depending on the level of
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Figure 4.14 Overlay of spectra at 520 ms for [HiOzlo = 50 -  500 mM. Legend shows [HiOilo in 
mM.
This is most clearly seen by comparison of the spectra at 520 ms for [HiOilo = 200 
and 300 mM (Figure 4.15), which reveals that the proportion of the 388 nm peak is 
greater at higher levels of H2O2, while the proportion of the 408 nm peak is greater at 
lower levels of H2O2.
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Figure 4.15 Overlay of spectra at 520 ms for reaction of Fe-1 at [HiOzlo = 200 mM (solid line) and 
300 (broken line) mM. Legend shows [H2O2I0 in mM.
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As this behaviour is typical of a reaction that establishes equilibrium it suggests that, 
after the initial complexation, the species that produces the peak at 388 nm breaks 
down to a product (408 nm) that seems to be in equilibrium with the original 388 nm 
material. Kinetic analysis of such fast and complex reactions as these is not easy; the 
situation is complicated further by change after 520 ms due to subsequent reactions; 
this is seen in Figure 4.16 where the data of Figure 4.13 is shown beyond 520 nm. 
Nonetheless, the assumption of a first-order change of the 388nm peak to the 
‘equilibrium’ mixture (of 388 and 408 nm peaks) is a reasonable one; at [HiOilo = 50 
mM and above, the 388 nm ‘complex’ is the only species present immediately after 
mixing, apart from solvent and H2O2 both of which are in large excess. Therefore the 
data up to 520 ms was treated by fitting to an exponential equation AbS[ = Abs^Q^ + C 
as explained in the Experimental section; the fitted curves are shown in Figure 4.16 
and the calculated first-order rate constants (^ obs) are gathered in Table 4.1. The rate 
constants clearly vary with [H2 0 2 ]o and this is plotted in Figure 4.17
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Figure 4.16 Plots of loss of absorbance at 388 nm over 1000 ms with curves fitted to Abs
AZ>So.exp(A:obst) + C.
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Table 4.1 The observed rate constants A:obs of the reaction of FioTPPFeCI Fe-1 in MeOH with 
different concentration of H2O2 at = 388 nm
[H2 0 2 ] o^bs
mM
50 6.75
1 0 0 1 0 .0 0
150 12.50
2 0 0 14.50
300 2 2 .0 0
400 26.00
500 31.00
40
30
20
10
0
100 200 300 400 500 6000
[HjOjlo, mM
Figure 4.17 Plot of ^ „bs vs. [H2 0 2 ]o for conversion of peak 388 nm to peak 408 nm.
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As with the observations of the spectra in Figure 4.15, the kinetics suggest an 
equilibrium. The kinetics of a slow equilibrium^ are described by an equation of the 
form o^bs = + kx, where kf and kr are the rate constants for the forward and reverse
reaction, respectively. The first order rate constants (Aobs) for the post-complexation 
breakdown of the 388 nm species were measured for [H2O2] = 50-500 mM and the 
variation of Aobs with [H2O2] (Figure 4.17), showed a peroxide-dependent term 
(slope), and a peroxide-independent term (intercept) as in Eqn. (2). The higher 
proportion at the equilibrium of the 388 nm species (formed in the ‘reverse’ reaction) 
as [H2O2] increases assigns the peroxide-dependent term to the reverse reaction.
Kb, = k f  + k ^ H jO j\  Eqn. (2)
From Figure 4.17, the intercept kf (the ‘forward’ reaction of 388 nm to 408 nm) can be 
calculated as 4.4 s'  ^ and the slope, which gives k^  (the ‘reverse’ reaction) of 54.3 M'^ 
s"^  is also determined. To summarize the results to date the Scheme 4.1 can be 
proposed (either (a) or (b)).
‘slow’ in this context means established over ms.
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Scheme 4.1 Mechanism based on kinetics
4.4.2.2 Reaction in M eOH - Discussion
Interpretation of the above results can be discussed under the headings below. 
Identification of the 388 nm species formed instantaneously on addition of hydrogen 
peroxide to 5,10,15,20-tetrakis(pentafluorophenyl)-21/7,23/f-porphyrin iron(III) 
chloride is difficult due to its very short lifetime (< 1 s). Moreover, as its decay is 
intramolecular (Scheme 4.1 (a)), not even using lower levels of H2O2 would slow this 
process. The analysis following is based on the hypothesis that the 388 nm species is 
the proposed Fe^ ^^ -1 :H2 0 2  complex, based on the following evidence.
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Kinetic analysis. The rate of formation of the unidentified 388 nm species is 
‘instantaneous’ when measured on the scale of these stopped-flow experiments, i.e. < 
3 ms, even at 5 mM H2O2; this is consistent only with a complexation process, and 
other possible processes can be dismissed. One possibility is that the reaction is the 
direct oxidation of Fe™ to Fe^ (or por'^’-Fe^). The second order rate constant for 
oxidation of F2oTPPFe™OTf to its putative intermediate compound I analogue 
F2oTPP^'Fe^ = 0  has been measured (under steady-state conditions in the presence of 
organic substrate in MeOH-MeCN) at typically ~ 90 M"  ^ s"V^ Under the present 
conditions of 5 - 500 mM H2O2, this would equate to a kohs for oxidation of 
p2oTPPFe™ of 0.45 - 45 s"\ or a half-life of ~ 15 - 1500 ms far slower than the 
instantaneous formation of ‘388 nm’ seen here. Although a review of the published 
data for the steady-state reaction of F2oTPPFe™Cl itself in MeOH-DCM does not
yield consistent findings, nonetheless, would appear to be at least in the 2 -  240
ms range at these peroxide l e v e l s . E v e n  oxidation of metalloporphyrin to its 
compound 1 analogue by the powerful m-CPBA would be expected to have a half-life 
of several ms.^^^ Hence, this affirms that the rapid formation of the species producing 
the 388 nm peak is consistent only with it being a new complex.
Spectroscopic analysis. The UV-Vis spectrum of the 388 nm species is not consistent 
with any of the likely oxidised intermediates hitherto proposed for this type of 
reaction. Even though the putative intermediate F2oTPP^'Fe^ = 0  is elusive, a Soret 
peak for such compound 1 analogues tends to shift only slightly from that of the Fe™ 
species, albeit possibly somewhat attenuated. Importantly, it shows a reasonably 
strong peak at ~ 675 nm wavelength.^^’^ ^^ ’^ "^® In the case of the 388 nm species, the 
shift to lower k  is pronounced, with no attenuation, and there is no evidence of a peak 
at 675 nm. The extant literature sources provide reasonable evidence supporting the 
existence of the compound 11 analogue, F2oTPPFe^-OH, whereby its spectrum shows 
a shifted Soret peak, typically to longer wavelengths in the 390 to 410 nm range (for 
the triflate in MeCN),^^ along with a very weak peak at k -  540 nm. Thus, once again, 
it would appear that the spectrum of the presently studied initially-formed species is 
very different. Stephenson and Bell have reported a Soret peak at 388 nm for
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F2oTPPFe™Cl in MeCN containing low levels of MeOH, ascribing it initially to a 
Fe™-OMe (methoxide) complex.^"^ However, in their paper describing this study, the 
authors fail to present strong evidence in support of methoxide (rather than methanol) 
complexation. Moreover, in their subsequent papers, the same authors show only 
Fe™-HOMe for this s p e c i e s . T h e  experiments discussed here were carried out in 
MeOH, and the ‘starting’ spectrum Soret peak appeared at 404 nm (consistent with 
the results reported by Stephenson and Bell, '^^ and by Lee and Nam,™^ for this catalyst 
in MeOH-rich solution). Thus, it is attributable to a di-MeOH complex MeOH-Fe™- 
HOMe (as mentioned earlier). It is clear that the minute dilution caused by addition of 
the H2O2 (a clear 388 nm peak is obvious even at 50 mM peroxide, < 2% v/v) cannot 
have caused a reversion to the ‘low MeOH’ complex. Consequently, the supposition 
made in this study is that the 388 nm peak is not consistent with any other previously 
identified species. It is possible to find ‘positive’ support for the claim that a species 
with the 388 nm absorption peak is a Fe™-H2 0 2  complex. Lee and Nam found that 
addition of a strongly-complexing imidazole to F2oTPPFe™Cl in MeOH-rich solvent 
resulted in the formation of a species with a peak at 390 nm, which they attributed to 
MeOH-Fe™-Im.™^ Similar spectral changes to those observed on addition of H2O2 
were noted in the experiments conducted here when 2 -hydroxynaphthoquinone was 
added. Finally, the strong a-effect nucleophilicity of H2O2 is also consistent with it 
being a good complexing agent for Fe™.
The decay o f the initial 388 nm species tends towards a steady-state equilibrium 
between it and the species with the peak form ed at 408 nm. Following the 
‘instantaneous’ complexation, the spectrum does change (see Figure 4.12), but not to 
a clean single product peak, and instead it levels off to a steady-state in which a 
mixture of two peaks at 388 nm and 408 nm is visible in the Soret region (see Figure 
4.15) for all [H2 0 2 ]o (see Figure 4.14). This must be steady-state equilibrium, as a 
simple ‘incomplete’ conversion of ‘388’ to ‘408’ is unlikely, given the large excess of 
H2O2 over metalloporphyrin (> 50 mM vs. 10 ^iM). The fact that the steady-state ‘388 
nm’ is more abundant at higher [H2 0 2 ]o (see Figure 4.14 and Figure 4.15) supports the 
claim that the reverse step is the peroxide-dependent, as shown in Scheme 4.1.
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Identification o f the 408 nm species as (por)Fe^=0 or its protonated form  (por)Fe^- 
OH. The findings of this study present sufficient evidence for an oxidised species 
formed in the absence of easily-oxidised organic substrate, with two characteristic 
peaks at ~ 408 and ~ 540 nm, as being F e^ = 0  or Fe^-OH, which is in line with the 
extant literature.^^’^ '^ ’^ ’^^ '^ ’^ '^ ’^ ’^^ ^
Heterolytic V5. homolytic cleavage. At this stage the question of heterolytic vs. 
homolytic cleavage can be considered. Since the 1990s, the initial ‘heterolytic’ 
cleavage (as favoured by Traylor)^"^  ^ to Fe^=0 (or more likely por‘^ *-Fe^=0) for this 
catalyst F2oTPPFeCl has been favoured in the literature, as opposed to ‘homolytic’ 
cleavage (proposed by Bruice)^"^  ^to F e^ = 0  (or Fe^-OH). Many publications cited in 
this thesis support this view, with the review conducted by Stephenson and Bell 
providing the most recent support.^^ However, it is also true that a homolytic cleavage 
cannot be ruled out solely on the basis of the evidence presented in this work. 
Nonetheless, irrespective of the mechanism—i.e. whether F e^ = 0  is formed directly 
from Me0 H:Fe™:H2 0 2  or in a fast reaction following formation of Fe^=0 (Scheme
4.2),^ '^^®’'^ b42,65 findings of this study are still valid.
por-Fe™Cl + H2O2 ---- ► Me0H:Fe™:H202
heterolytic
cleavage
homolytic _
cleavage
per"*" - Fe^^=0 
comp 1
por-Fe^^-OH 
comp 11
Scheme 4.2 Mechanism of H2O2 oxidation of por-Fe™Cl in MeOH.
In most of the literature,^^’^ '^ '^^ '^  ^ the ‘compound 11-like’ species is written as Fe^^= O 
or more commonly Fe^^-OH, thus making the nature of the second coordinating axial
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ligand unclear. Although H-OMe is a weaker acid than H-OH, given the significant 
excess of the MeOH solvent (M vs. pM), a substitution of -OH by -OMe seems 
reasonable. However, if the species is F e^= 0 , it seems unlikely that it is replaced by 
methoxide (Reaction 4.1).
por-Fe^^-OH + MeOH por-Fe^^-OMe + H2O
Reaction 4.1
In the present study, it is assumed that the second ligand is MeOH, i.e. either 
MeOH:Fe^-OMe or MeOH:Fe^-OH. At present, the literature does not seem to offer 
any evidence for the second ligand being an alkoxide rather than the alcohol. 
Although a methoxide replacing the chloride ligand for the Fe™ species (in MeCN) 
was reported by Stephenson and Bell, "^  ^ these authors appear to dismiss this in 
subsequent papers, reporting only Fe™-HOMe.^^’^ ^
Reduction o f Fe^-O H  using H2O2. The kinetic evidence implies that F e^  is reduced 
by H2O2 (back to Fe™), i.e. that H2O2 is oxidized. It might initially seen strange that 
the powerful oxidizing agent H2O2 can itself be oxidized, but the relevant overall 
reaction of the hydrogen peroxide is shown below; it is often referred to as ‘catalase’ 
behaviour—a name derived from the action of the catalase enzyme (an Fe™ enzyme), 
(Reaction 4.2).
Fe^+
2  H2O2 -------------------- 2  H2O + O2
'catalase' reaction
Reaction 4.2
Its importance in non-enzyme metalloporphyrin chemistry was demonstrated in an 
earlier work, where it was observed that the peroxide consumed in catalyzed 
oxidation of organic substrates could not be accounted for based on the yield of 
oxidised organic.^^ Others, particularly Traylor, had proposed this earlier,^^ although
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the evidence they offered was indirect. Traylor proposed the mass balance equation 
for this reaction (Reaction 4.3 (a)) (Note: the species Fe^ is used here as ‘shorthand’ 
for the por'*'*-Fe^=0 species).
Fe™:H2 0 2  ---------- Fe^=0 + H2O
Cm pl
Fe''=0 + H2O2 -► Fe'''OH + ‘O-OH
C m p l l
Fe^^OH + 'O-OH ---------- ► Fe™ + O? + H9O
2  H2O2 2 H2O + O2
(a)
Fe™:H2 0 2   ^  Fe^=0 + H2O
C m pl
Fe''=0 + H2O2 » Fe"'OH + "O-OH
CmpII
Fe^^OH + H2O2 > Fe™ + H2O +*0-0H
O-OH + "O-OH > O2 + H2O2
2  H2O2 ^  2 H2O + O2
(b)
Reaction 4.3 (a) the decomposition of the catalyst in the presence of H2O2, (b) alternative route.
The Fe^-OH species (UV-Vis 408, -540 nm) has previously been detected 
spectroscopically in the F2oTPPFe™Cl + H2O2 reaction;^^’^ '^^  ^ it was also detected by 
Stephenson and Bell in the (complete) decomposition of H2O2 by the same catalyst in 
1:3 MeOH-MeCN,^"^ and it seems to be commonly identified for metalloporphyrin 
oxidations in the absence of organic substrate (e.g. cyclooctene).^"^ This species was 
found in the present case; so, given that Fe^-OH is identified in this work while Fe^
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is not, and that the reaction that shifts the peak back to 388 nm (and thus the original 
species, namely MeOHiFe^iHiOz) is kinetically dependent on H2O2, Reaction 4.3 (b), 
which involves reaction of Fe^-O H  with H2O2 as the rate-limiting step proposed. 
This is broadly the one favoured by Stephenson and Bell. "^ '^^ ’^^  ^ However, it is 
generally accepted for this catalyst F2oTPPFe™Cl that reaction with hydrogen 
peroxide is by heterolytic cleavage to por^*-Fe^=0; so it is proposed that Fe^-OH is 
formed via por‘^ ’-F e^= 0  (called Fe^=0 in Reaction 4.3 (b)).^^‘^ ^
Reaction via a por"^*-Fe^=0 species to give Fe^-OH was also proposed by Nam, 
albeit for more electron-rich porphyrins,"^^ and this route (Fe™ to Fe^=0 to Fe^-OH) 
is now generally accepted for F2oTPPFe™-catalyzed H2O2 disproportionation.^^ It 
should be pointed out, however, that direct evidence for the intermediacy of the 
Fe^=0 is sparse, although for the catalase enzyme the body of evidence in support of 
the two species is growing.
4.4.2.3 In 3:1 MeOH-DCM - Results and Discussion
Following the investigation of the reaction in MeOH, the effect of changing solvent 
was explored. Using the technique described in the preceding section, mixing 
F2oTPPFeCl in 3:1 MeOH-DCM with solutions of various concentrations of H2O2 at 
mM levels 50-500 mM was conducted. The outcome was, as for MeOH, 
instantaneous (< 3 ms) formation of a new peak at 392 nm, with a smaller peak at ~ 
510 nm, and a ‘tail’ peak 550-650 nm (388 nm, ~ 510, 550-650 for MeOH) (Figure 
4.18).
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Figure 4.18 Rapid-scanning stopped-flow spectra for titration of 10 pM Fe-1 in 3:1 MeOH-DCM 
at timebase < 3 ms with 0-500 mM H2O2 at 25 "C, and pathlength = 2 mm. Legend shows [H2Ü210 
in mM.
In this case, however, titration yielded some rather scattered data (Figure 4.19). 
Nonetheless, the complexation constant, log K =  1.39 ± 0.39 {K = 24.56 or ~ 25) was 
calculated from ‘fitting’ as described in the experimental section, which is 
significantly lower than the value determined in MeOH (log K = 2.39 ± 0.03).
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Figure 4.19 Titration curve of lO^M Fe-1 in 3:1 MeOH-DCM with 0-500 mM H2O2 at 392 at 25 
"C, pathlength = 2 mm and t = 3 ms.
Following this complexation, and in line with the findings reported for the MeOH 
case, the 392 nm peak began to decay and shift to 411 nm (Figure 4.20). Moreover, 
once again, the new 411 nm peak was not a clean one, as the shoulder of the 392 nm 
peak remained at all levels of H2O2. However, there was an obvious lack of 
enhancement of the 392 nm shoulder at higher [H2O2], as shown in Figure 4.21, when 
compared with the spectra depicted in Figure 4.14 and Figure 4.15 for the same 
reaction in MeOH.
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Figure 4.20 Decrease in initially-formed 392 nm peak and growth of 411nm in MeOH, peak over 
3-1000 ms at 200 mM [H^ Ozlo, at 25 "C.
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Figure 4.21 Comparison of spectra after 421 ms for 10 pM Fe-1 in 3:1 MeOH-DCM with 100 and 
50 mM H2O2 at 25 "C.
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The kinetic behaviour was complex and in this work, was only investigated 
superficially for comparison with the results in MeOH. The decay monitored at 392 
nm appears to be bi-phasic (most clearly seen at 500 mM H2O2 in Figure 4.23), with a 
fast initial part, and a slower subsequent part, most likely indicating the start of the 
general degradation often observed in these reactions. The initial phase appeared to be 
complete after 421 ms (most clearly seen at 100 mM H2O2 in Figure 4.22). The results 
for the growth of the 411 nm peak seem to reflect a similar trend, with an initial 
growth phase (growth seen in Figure 4.22) and a subsequent decay (decay seen in 
Figure 4.23).
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Figure 4.22 Decay of 392 nm peak and growth of 411 nm over 3 -  1000 ms at 100 mM of H2O2
1 0 7
Ü28 1
■  Build 41
0.26 - ■fitted
II
<  0.24 -
♦  Decay 392
0.22  -
0.18
0 0.2 0.4 0.6 0.8 1
time, sec
Figure 4.23 Decay of 392 nm peak and growth of 411 nm over 3 -  1000 ms at 500 mM of H2O2
Kinetic analysis of the decay observed at 392 nm wavelength proved difficult 
especially at higher H2O2 levels, as there was no clear end point (see for example, 
Figure 4.23), so, the data at 411 nm were analyzed. For the higher H2O2 
concentrations (where subsequent reaction was significant), an attempt was made to 
analyse the data at 411 nm by performing a linear extrapolation back from the slow 
2nd phase in order to obtain a pseudo ‘infinity’ for the 1st phase reaction. Hence, 
these ‘fitted’ results, such as those shown by the orange line in Figure 4.23, must be 
treated as semi-quantitative. However, the data from kinetic analysis of the build-up 
of the 411 nm peak are presented in Table 4.2 and also plotted in Figure 4.24 for 
clarity.
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Table 4.2 Values of A:obs for ‘build’ at 411 nm at various in 3:1 MeOH-DCM.
[H2 0 2 ] k-ohs
mM s'^
50 3.5
1 0 0 7.0
2 0 0 1 0 .0
300 1 1 .6
400 13.0
500 18.0
20
■§
300 6000 200100 400 500
Figure 4.24 Plot of at 411nm vs. [HaOalo* The curve is fitted using the values of kf and 
discussed below, and K = 25 M \
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In the MeOH case, a similar plot to the one presented above, but with a clearer slope 
and intercept, was obtained. It was interpreted, along with the increased equilibrium 
level of 388 nm (complex) at higher [H2O2], to imply a peroxide-free unimolecular 
decay of the Fe™:H2 0 2  complex yielding F e^ = 0  (408 nm), which in turn reacted with 
H2O2 to regenerate the complex (see earlier). The present result is qualitatively 
similar, and the kinetics implied by the plot presented in Figure 4.24 are consistent 
with this process in 3:1 MeOH-DCM.
Assuming a mechanism similar to that found in MeOH, the Scheme 4.3 below {top) 
can be proposed (it includes the ‘new’ equilibrium constant for complexation in 3:1 
MeOH-DCM). Since it can be assumed that conversion of Fe^=0 to F e ^ = 0  is fast (or 
that the reaction of Fe°^:H2 0 2  produces Fe^ = 0  directly) this process can be 
simplified as shown in Scheme 4.3 {bottom).
l o g K =  1.4
Fe-1 + H2O2
^max 404 nm
— Fe-1 :H2 0 2
\n ax  392 ran
k f  s'^ f a s t  ]
Fe^ = 0  » Fe^ ^ = 0
^Tnax 411 ran
Fe-1 + H2O2
^max 404  ran
4 IB2O2]
logK=  1.4
Fe-1 :H2 0 2
Xmax 392 ran
k f S'^
Fe^ ^ = 0
^max 411 ran
Scheme 4.3 Mechanism, for kinetic analysis of step one the reaction of H2O2 with F2oTPPFeCl in 
3:1 MeOH-DCM (based on reaction of MeOH).
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The forward reaction (from 392 nm to 411 nm wavelength) as shown in Scheme 4.3, 
can be described by the kinetic analysis below.
Rate = k^F {F e\
where F  is the fraction of Fe in the complexed form and K  is the association constant.
F =
K =
[Fe : H 2O2] 
[Fe] + [Fe : H 2O2]
[Fe : H 2Q2]
ï m H M
F = K[Fe][H202] _  K[H2Û2]
[Fe] + K[Fe][H202] 1 +
Inserting the F  given above into the rate equations yields the expression
^  ^ k,K[H202][Fe],
Rate = —--------------------
1 + K[H 2O2]
Moreover, inserting this into the standard equation for a reversible reaction gives
‘ - ■ è l i s â l " * ' ' ' ' - ' ’- ’
The data depicted in Figure 4.24 fit an equation of this type, with K  =25  M'^ (from 
previously discussed independent titration), = 7 ± 2 s'  ^ and = 20 ± 3 M '^s'\ where 
the uncertainties reflect the range within which a reasonable visual fit is seen. At
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higher levels of H2O2, e.g. [H2O2] = 500 mM, K  [H2O2] »  1 and kohs reduces to kf + 
^r[H2 0 2 ]  ^as found for MeOH.
4.4.2.4 Mixing FioTPPFeCl with H2O2 in 1:1 and 1:3 MeOH-DCM
The same experiments were carried out in 1:1 and 1:3 MeOH-DCM. The absorption 
spectra of 10 pM Fe-1 in 1:1 MeOH-DCM with 50 - 500 mM H2O2, at 25 °C indicate 
that the Soret band shift from 404 to 388 nm occurred progressively with increasing 
concentration of hydrogen peroxide. Moreover, a decrease in peaks at 470 and 570 
nm was also noted and new broad bands at 510 and 620 nm started to appear (Figure
4.25).
It should be noted that the formation of the new band at 388 nm was incomplete and 
even at substantial concentrations of H2O2 did not fully reach a flat curve (Figure
4.26). However, the value of the equilibrium constant K  can be estimated to be Æ < 3
 ^For the reaction in MeOH, K  is much larger, 245 M '\ so K  [H2 O2 ] »  1 even at low  [H2O2 ], so the 
‘linear’ equation (Eqn. (1), Figure 4.17), extends to the lowest value (50 mM H 2 O2).
+ H2O2 <=> Fe:H202, K =
K [Fe:H2p2]
[Fe][H202]
[H2O2]
SO, K  = 1 /[H 2 0 2 ] i/2- Clearly in Figure 4.26 this point is > 300 mM, so 1/300*10'^ M
, At the half way point in the titration, [Fe:H2 0 2 ] = [Fe],
half way 
point
= ~ 3 M'
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Figure 4.25 Rapid-scanning stopped-flow spectra for titration of 10 pM Fe-1 in 1:1 MeOH-DCM 
with 50- 500 mM H2O2, at 25 ”C, pathlength = 2 mm and t = 3 ms. Legend shows [H2 0 2 ]o in mM.
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0.22
0.2
0.18 -
0.16
0.14
100 200 300 400
[H2 O1 ] , mM
500 600
Figure 4.26 Titration curve of lOpM Fe-1 in 1:1 MeOH-DCM with 0-500 mM H2O2 at 392 at 25 
"C, pathlength = 2 mm and t = 3 ms.
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Similarly, the absorption spectra of the same process in 1:3 MeOH-DCM showed the 
presence of a Soret band at 404 nm, accompanied by the formation of a new shoulder 
at 388 nm, the height of which increased gradually with increasing concentration of 
hydrogen peroxide. In addition, there was a marked decrease in the peaks observed at 
470 and 570 nm. In line with the above, new broad bands at 510 and 620 nm started to 
grow (Figure 4.27 and Figure 4.28)
0.25 -1
0.20  -
0 mM
50 mM
100 mMI
g  0.10 -,
X I  I< I
150 mM
200 mM
300 mM
400 mM
500 mM
0.05 -
0.00
350 400 450 500 550 600 650 700
wavelength, nm
Figure 4.27 Rapid-scanning stopped-flow spectra for titration of 10 pM Fe-1 in 1:3 MeOH-DCM 
with 50- 500 mM H2O2, at 25 “C, pathlength = 2 mm and t = 3 ms. Legend shows [H2O2I0 in mM.
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Figure 4.28 Titration curve of lOpM Fe-1 in 1:3 MeOH-DCM with 0-500 mM H2O2 at 392 at 25 
"C, pathlength = 2 mm and t = 3 ms.
Again it is clear that a complex forms, and that the equilibrium constant has a value of 
K «  3 M‘  ^ (log K «  0.5). In summary, as complete conversion of Fe°^ to Fe^ ^^ - 
liH iO i requires a very high concentration of hydrogen peroxide, it was not possible to 
calculate precise values of the equilibrium constant K  or any observed first order rate 
constant (kobs) for reaction in 1:1 and 1:3 MeOH-DCM solvent mixture ratios. 
However, it is clear that the Fe^ ^^ -1 :H2 0 2  complex forms, albeit less strongly as the 
proportion of DCM in the solvent is increased.
1 1 5
Table 4.3 Collection of values of log K, kf, and kj. in all mixture solvent ratios
Solvent lo g K kf kr
s-^
MeOH 2.39 4.4 54.3
3:1 MeOH-DCM 1.39 7.0 2 0 .0
1:1 MeOH-DCM <0.5 - -
1:3 MeOH-DCM « 0 . 5 - -
It was evident that all the K  values increase with the increase in the solvent polarity. 
In particular, the good results obtained using a protic solvent (Table 4.3), are in 
agreement with other published data.
In 2011, the effect of MeOH-DCM solvent mixture ratios on the same catalyst Fe-1 
was studied by Singh et who dissolved the catalyst in dichloromethane and 
subsequently recorded the conductivity against the addition of methanol to the 
solution. They found that the conductivity increased with the increase in the 
percentage of MeOH vs. DCM. Moreover, the maximum conductivity was measured 
at 1:2 MeOH-DCM solvent mixture (33% alcoholic). The authors suggested that 
MeOH displaces the coordinated C l , much as is proposed in this study (404 nm is 
MeOH:Fe™:HOMe, and 388 nm Me0 H:Fe™:H2 0 2 ). In their work, the absorption 
spectra after addition of r-BuOOH showed a shift in the Soret peak from 404 nm 
(attributed to [F2oTPPFe(CH3 0 H)x]^, x = 1 or 2), to 410 nm, and for this peak the 
authors proposed a [F2oTPPFe(f-BuOOH)(CH3 0 H)x]^ intermediate. This peak finally 
shifted to 390 nm after 5 minutes, and this new species was assumed to be 
F2oTPPFe(HC0 2 H)(CH3 0 H), a complex with formic acid formed by oxidation of 
MeOH solvent. This explanation was not supported by any direct evidence and is an 
unlikely explanation in this work. If H2O2 was being converted to HCO2H then the 
388 nm peak would increase relative to the one seen at 408 nm (F e^= 0) as the
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reaction progressed, whereas in the fact the two species remain at constant ratio 
throughout the slow post-520 ms decay.
0.2
0.8602 s
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3.318
(U
I
■e
■4.137
0.12
■4.956o
< 5.775
6.595
0.08 7.414
0.04
350 400 450 500 550 600 700650
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Figure 4.29 Decrease in 392 nm peak and 411 nm peak over 1 - 8  s for lOpM Fe-1 in 3:1 MeOH- 
DCM with 100 mM [H2O2I0, at 25 "C.
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4.4.3 Effect of the addition of oxidizable substrate (HNQ) to the Fe-1/H202 
reaction
4.4.3.1 Effect of HNQ on Fe-1 in the absence of H2O2
The absorption spectrum of F2oTPPFeCl Fe-1 in 3:1 MeOH-DCM at 25 °C in the 
absence of oxidant shows a Soret peak at 404 nm and smaller peaks at 470 and 575 
nm. Upon mixing of Fe-1 in MeOH with methanol solutions of various concentrations 
of HNQ, at pM levels (5-500 pM), a sharp peak at 388 nm appeared instantly, along 
other peaks at 508 and 620 nm which grew as more HNQ was added (Figure 4.30).
The absorbance data at 388 nm are plotted against [HNQ] in Figure 4.31 and the 
equilibrium constant log K  = 4.29 ± 0.06 of this reaction is calculated, which is much 
greater than the corresponding log K  of Fe-1 with H2O2 in the solvent mixture (log 
K=139) even in MeOH.
Although scans were recorded within 3 ms, the spectra did not change (in the absence 
of oxidant) over the timescale of these experiments. Similarly Cunningham^^ in 1999 
did not find any reaction of the HNQ derivative (3-hydroxy-2-(trans-4-tert- 
butylcyclohexyl)-methylnaphtho-1,4-quinone) with Fe-1 in 3:1 MeOH:DCM at 25 °C 
in the absence of H2O2
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Figure 4.30 Spectra for titration of 10 pM Fe-1 in 3:1 MeOH-DCM with 50- 500 pM HNQ, at 25 
"C, pathlength = 2 .
<
0.30
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Figure 4.31 Titration curve for 10 pM Fe-1 in 3:1 MeOH-DCM with 50 -  500 pM HNQ at 388 
nm.
1 1 9
4.4.3.2 Effect of H2O2 on Fe-1 in 3:1 MeOH-DCM in the presence of HNQ 
using Single Mixing Stopped Flow
In the previous experiment, it was shown that Fe-1 complexes strongly with HNQ, 
producing a peak at ~ 388 nm and yielding the equilibrium constant of log A" 4.29 ± 
0.06. However, HNQ itself has a shoulder of absorbance in the 400 nm region, which 
can make analysis of changes to Fe-1 difficult at high levels of HNQ. Hence, in this 
study, a mixture of 10 pM Fe-1 and HNQ at 300 pM was initially used as, at this 
level, the UV-Vis shoulder absorbance of HNQ does not interfere with the 
metalloporphyrin Soret region, but is still sufficient to ensure that ~ 85% of the Fe-1 
is in the HNQ-complexed form. When H2O2 was added to the Fe-l/HNQ mix the 
results indicated that titration (scan within < 3 ms) of Fe™:HNQ complex with 0 -  500 
mM H2O2 produced a slight, but obvious change in the spectrum (Figure 4.32, and 
Figure 4.33).
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0.25 -
50 mM
100 mM«
c  0 .2 0  -
I^
 0.15 -<
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0.00
350 400 450 500 550 600 650 700
Wavelength, nm
Figure 4.32 Titration of 10 i^M Fe-1 mixed with 300 fiM HNQ in 3:1 MeOH-DCM at 3 ms with 0 
-  500 mM H2O2.
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Figure 4.33 Spectra of 10 pM Fe-1 in the presence of just 300 pM HNQ, just 300 mM H2O2, and 
both 300 pM HNQ and 300 mM H2O2. (scans with H2O2 run after <3 ms)
The Fe-1 spectra recorded in the presence of 300 mM H2O2 only (hence 
predominantly Fe:H2 0 2 ) and both 300 pM HNQ and 300 mM H2O2 are visually rather 
similar, suggesting that some H2O2 displaces the HNQ (A^H202[H2 0 2 ]:^HNQ[HNQ] ~ 
7.5:5.8  at these concentrations). The findings reported in the reviewed literature 
suggest that di-complexation by two strongly complexing ligands (HNQ and H2O2 in 
this case, and di-imidazole in the literature) would produce a peak at a longer 
wavelength, e.g. 408 nm suggesting that Figure 4.33 (Fe + HNQ + H2O2) shows a 
mixture of Fe:H2 0 2  and FeiHNQ rather than a new species Fe:HNQ:H2 0 2 .'°^ 
Following the ‘instantaneous’ complexation of H2O2, the 392 nm peak decayed over ~ 
400 ms (for example Figure 4.34); allowing the derivation of the ‘fitted’ first-order 
rate constants as for the HNQ-free case above; this was done for experiments at 
various [H2O2]. Although the plot of kohs against [H2O2] was too scattered for a 
detailed kinetic analysis (Figure 4.35), the values were in the 4.5 -  22 s’’ range, when 
[H2O2] varied from 50 to 500 mM, which is similar to the HNQ-free case reported
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earlier in this chapter (Figure 4.24). Hence, these results further imply that the same 
species, namely Fe^^^iHiOi (rather than HNQiFe^iHiOi or Fe“^HNQ) is reacting in 
both cases.
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Figure 4.34 Decay of 392 nm peak over 3 -  1000 ms at 100 mM [HzOzlo-in the presence of 300 pM 
HNQ in 3:1 MeOH-DCM; the line is the fitting for A:obs = 8  s \  Aftsinfinity = 0.21
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Figure 4.35 plot of vs. [H202]o for decay of 392 nm peak in the presence of 300 pM HNQ in 
3:1 MeOH-DCM.
A comparison of the spectra (at 100 mM H2O2 where HNQ depletion is unlikely to be 
significant) after 512 ms, both in the absence and the presence of HNQ, shows a 
reasonable similarity (Figure 4.36), with formation of a 411 nm species (as seen in 3:1 
MeOH-DCM solvent), attributable to the por-Fe^^=0 (or por-Fe^^-OH) intermediate. 
It must be recognised that during this 512 ms, oxidation of HNQ is taking place. The 
steady state oxidation of HNQ that occurs at 4 pM Fe-1, 76 pM HNQ, 171 pM H2O2 
is -d[HNQ]/dt -  4.1 x 10'^ M s '\  and is approximately linear (zero order). 
Extrapolating to the current conditions of 10 pM Fe-1, 300 pM HNQ, 300 mM H2O2 
results in a complete loss of HNQ after 1000 -  10000 ms have lapsed (corresponding 
to 500 -  50 mM H2O2). Clearly, the ‘instantaneous’ (< 3 ms) complexation occurs 
while most of the HNQ is present. However, the decay (over 512 ms) takes place with 
some depletion of HNQ (significant depletion occurs at higher [H2O2]). This finding 
may explain the rather scattered data of the Figure 4.35 (not only are the kinetics 
affected, but HNQ also shows some absorbance in the 400 nm region). Furthermore, 
the spectra (e.g. those shown in Figure 4.36) do not rule out the underlying presence
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o f  p o r -F e  = 0 ,  a s  s u c h  s p e c i e s  t y p ic a l ly  p o s s e s s  p e a k s  a t ~  4 0 4  n m , w h ic h  te n d  to  b e
weaker than the resting Fe™ which has a similar A^ ax-
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Figure 4.36 Comparison of spectra of 10 pM Fe-1 with 100 mM H2O2 in 3:1 MeOH-DCM after 
512 ms both with, and without 300 pM HNQ at 25 "C.
These results, despite being rather scattered, suggest that the initial stage of the Fe-1 
oxidation in the presence of oxidisable substrate, such as HNQ, is similar to that in its 
absence. Thus, it appears that the H2O2 displaces the complexing HNQ, and the 
intramolecular reaction of the Fe™:H2 0 2  complex proceeds as before.
The exact nature of the HNQ oxidation product was not investigated in this work. 
However, in the previous studies, Cunningham^^ presented evidence of different 
products when small excess of H2O2 was added to the substituted HNQ 2-cycloalkyl- 
3-hydroxynaphthoquinone with Fe-1 in 3:1 MeOH-DCM at room temperature 
(Scheme 4.4). In this study, the conjugate base O was the reactive species and 
reactive epoxide was the primary product. This converted to the isolated dehydro­
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dimer identified as a 3-cycloalkyl-3-(2-cycloalkylnaphthoquinon-3-yl)oxy-2-oxo-2,3- 
dihydronaphtho-1,4-qninone via nucleophilic attack of unoxidised 
hydroxynaphthoquinone anion O upon epoxide as the primary product. In some 
cases, the epoxide converted to trans 2-cycloalkyl-2,3-dihydroxy-l-oxoindan-3- 
carboxylate via nucleophilic attack of solvent methanol on the same epoxide in the C3 
position, followed by rearrangement. When the 2-hydroxy 1,4-naphthoquinone (HNQ) 
was used with Fe-1, the epoxide product underwent rearrangement to produce 2,3- 
dihydroxynaphtho-1,4-quinone (Scheme 4.4). In oxidation of HNQ, especially at low 
[HNQ], the HNQ peaks at 273 and 245 nm are replaced by those at lower wavelength, 
namely 252 and 225 nm. Thus, epoxide is the most likely product in these 
experiments.
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o o
OH
2-cycloalkyl-3-hydroxynaphthoquinones conjugate base 
(0-)
T)H
epoxide
HO
OH
CTQ
OHcr
trans 2,3-dihydroxy compound 2,3 -düiydroxynaptho-1,4-quinone
dehydro-dimer
Scheme 4.4 Various HNQ oxidation products^^
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Under the solvent, catalyst, oxidant and temperature conditions similar to those 
reported here, the value of a second-order rate constant of 22 ± 5 dm^ mof^ s'  ^ for 
oxidation of the catalyst was obtained using 3-hydroxy-2-(trans-4-tert- 
butylcyclohexyl)-methylnaphtho-1,4-quinone as substrate, which was assumed to 
react rapidly with an oxoperferryl intermediate [(F2oTPP‘^’-Fe^= 0 ] formed in the first 
and rate-limiting step.^^ The fact that this value was different to that found when 
Traylor used 2,4,6-tri(tert-butyl)phenol or p-carotene as substrate,^^ was interpreted to 
suggest that the substrate was involved in some way in the rate-limiting step for 
oxidation. The work in this thesis, suggests that this involvement takes the form of 
competition between H2O2 and HNQ for the original Fe™ catalyst. An expanded 
mechanistic scheme is shown below.
logK =  1.4 k f s'
Fe-1 + H2O2
^max 404 nm
— Fe:H2 0 2
Xmax 392 nm
Fe^ ^ = 0
?.max411 nm
logK = 4.3
JHNQ
H2O2
FeiHNQ
^max 392 nm
Scheme 4.5 Mechanism for the reaction of hydrogen peroxide with FzoTPPFeCl in 3:1 MeOH- 
DCM in the presence of HNQ.
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4.4.4 Effect of H2O2 on the other catalysts in the absence of HNQ
In this section, a brief study of the effect of varying electron-withdrawing (e.g. 
tetrakis(4-sulfonatophenyl)) or electron-donating (e.g. tetraphenyl) substitutents at 
meso position of metalloporphyrin is described. In addition, the effect of changing the 
metals (Fe, Mn) on the reaction of several catalysts in 3:1 MeOH-DCM with various 
concentrations of hydrogen peroxide H2O2 at mM levels (50-500 mM) was observed 
and a comparison between Fe-1 and Fe-2, Mn-3 and Mn-4 was made.
4.4.4.1 Tetraphenylporphyrin iron(III) chloride complex, Fe-2
Figure 4.37 5,10,15,20-tetraphenyl-21ff,23FI-porphyrin iron(III) chloride.
The catalyst Fe-2, with simple phenyl substituents is generally considered to be far 
less robust than Fe-1. Using the techniques described in the preceding section, the 
catalyst in 3:1 MeOH-DCM was mixed with hydrogen peroxide. The absorption 
spectrum of the Fe-2 catalyst shows a Soret peak at 418 nm with an evident shoulder 
at 431 nm and a small peak at 550 nm. After titrating the solution with various H2O2 
concentrations (50-500 mM), the peak at 418 nm had increased, although with no
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evident change in its position; however, the shoulder peak was no longer visible in the 
spectrum (Figure 4.38 and Figure 4.39). When measured after 1 second, the intensity 
of Soret band at 418 nm had rapidly decreased with increasing H2O2 concentration 
(Figure 4.40), although the overall shape, including the main peak at 418 nm and the 
shoulder at 431 nm, remained unchanged.
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Figure 4,38 Spectra of titration of 10 pM Fe-2 in 3:1 MeOH-DCM at timebase < 3 ms with 0-500 
mM H2O2 at 25 ”C, and pathlength = 2 mm.
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Figure 4.39 Titration curve of 10|liM  Fe-2 in 3:1 MeOH-DCM at timebase < 3 ms with 0-500 mM 
H2O2 at 25 “C, and pathlength = 2 mm at 418 nm.
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Figure 4.40 Spectra for reaction of 10 pM Fe-2 in 3:1 MeOH-DCM at timebase = 1 s with 0-500 
mM H2O2 at 25 "C, and pathlength = 2 mm.
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4.4.4.2 Tetrakis(4-sulfonatophenyl)porphyrin manganese(III) chloride 
complex, Mn-3
SO3H
H 0 3 S
SO3H
/ - S O 3H
Figure 4.415,10,15,20-tetrakis(4-sulfonatophenyI)-21fr,23H-porphyrin manganese(III) chloride.
The absorption spectrum of 5,10,15,20-tetrakis(4-sulfonatophenyl)-21^T,23/f- 
porphyrin manganese(III) chloride complex (Mn-3) in 3:1 MeOH-DCM shows an 
intense Soret peak at 467 nm and several small bands at 368, 378, 398, 418, 552, and 
602 nm. Negligible changes in the absorption spectra are observed after addition of 
oxidant whether over the first 3 ms or even over 1 second. (Figure 4.42). Hence it 
seems unlikely that a strong Mn™-3 :H2 0 2  complex forms in the case of Mn.
1 3 1
0 .2 5  1
0.20  -
0 mMI
-e 0.15 - 100 mMo
< — ^  150 mM
^ ^ ^ 2 0 0  mM
0.10  - 300 mM
^ — 400 mM
500 mM
0.05
0.00
350 400 450 500 550 600 700650
wavelength, nm
Figure 4.42 Spectra for reaction of 10 pM Mn-3 in 3:1 MeOH-DCM at timebase < 3 ms with 0- 
500 mM H2O2 at 25 “C, and pathlength = 2 mm.
Despite, the lack of any obvious effect of H2O2 on Mn-3, this catalyst and this level of 
H2O2 are capable of oxidizing an organic substrate. In 2012, El-Khalafy and 
Hassanein^^^ conducted experiments in which Mn-3 reacted with 80 mM H2O2 in 
aqueous solution, at pH = 8 , T= 40 °C for the oxidative coupling of 2- aminophenol. 
The authors followed the UV-Vis absorption spectra during the first 4.5 h. An obvious 
shift of the Soret peak (468 nm) to a new broad band of the oxo-manganese (IV) 
(0=Mn(IV)) at 425 nm was observed after 26 minutes. These findings, coupled with 
the results reported here, suggest that the Mn^" to Mn^ ^ = 0  reaction probably does not 
proceed via a strong Mn"^-3 :H2 0 2  complex as found for Fe"\
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4.4.4.S Tetraphenylporphyrin manganese(III) chloride complex, Mn-4
Figure 4.43 5,10,15,20-tetraphenyl-21/^,23H-porphyrin manganese(III) chloride complex.
The absorption spectrum of 5,10,15,20-tetraphenyl-217/,23/f-porphyrin 
manganese(III) chloride complex (Mn-4) in 3:1 MeOH-DCM shows an intense Soret 
peak at 478 nm and several small bands at 391, 408, 431, 533, 573, and 612 nm. 
However, as before, negligible changes in the absorption spectra were observed after 
the oxidant was added during the initial 3 ms, as well as when this period was 
extended to 1 second (Figure 4.44). These findings indicate that the cases of Mn-4 and 
Mn-3 are very similar.
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Figure 4.44 Spectra for reaction of 10 pM Mn-4 in 3:1 MeOH-DCM at timebase < 3 ms with 0- 
500 mM H2O2 at 25 "C, and pathlength = 2 mm.
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4.5 Summary and Discussions
There is a small amount of water inevitably found in these reactions; it arises from 
many sources such as solvent, water added along with the H2O2 oxidant, or present as 
a by-product from decomposition of H2O2 during the reaction of F2oTPPFeCl with 
H2O2. Therefore, the results that start this chapter involved investigating the effect of 
water on the reaction; it is apparent there is no effect on the experimental outcome 
under the research conditions used here. This observation is consistent with these of 
Stephenson and Bell.^^
Mainly, the factors that affect the initial reaction of F2oTPPFeCl in a protic solvent 
with H2O2 in the absence of organic substance were investigated and the findings 
briefly summarized below.
The stopped-flow UV-Vis spectra of F2oTPPFeCl in MeOH showed a Soret peak at 
404 nm and smaller peaks at 470 and 575 nm. This Soret peak instantly (within 3 ms) 
shifted to 388 nm, with a loss of broad peaks at ~ 470 and ~ 575 nm, and a growth of 
broad peaks at ~ 500 and 620 nm; this is caused by formation of an F e^-1 :H2 0 2  
complex of log K  2.39. Upon the addition of 5-500 mM of H2O2, and during the 1 s 
after complexation, the peak at 388 nm decreased and the shoulder at 408 nm 
increased (along with decreased intensity of the peak appearing at 500 and 620 nm 
and the forming of a new band at 550 nm); this is formation of a mixture of F e ^ = 0  
and Fe°^-1 :H2 0 2 . So the peak at 404 nm represents MeOH:Fe°^-l:HOMe,^"^’^ ’^^ ’^^ ^^  the 
peak at 388 nm represents Me0 H :Fe^-l:H 2 0 2 , while the peak formed at 408 and 550 
represented F e^ = 0  or its protonated form Fe^-OH.^^ Either F e^ = 0  is formed 
directly from Me0 H:Fe™-l:H2 0 2  via homolytic 0 - 0  bond cleavage or in a fast 
reaction following the formation of Fe^=0 (por'^’-F e^= 0) which forms directly from 
Me0 H:Fe™-l:H2 0 2  via heterolytic 0 - 0  bond cleavage.^^'^^’'^ ’^'^ ’^^  ^ The Fe^^=0 is 
reduced by H2O2 (back to Fe™) and the hydrogen peroxide is consumed to produce 
H2O and O2.
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The effect of varying the solvent mixture MeOH-DCM was measured by calculating 
the equilibrium constant for complexation K  and the first order rate constant kohs at 
388 nm for MeOH, 3:1 MeOH-DCM, 1:1 MeOH-DCM and 1:3 MeOH-DCM using 
the equations described in the experimental section. In MeOH, for formation of the 
Fe^:H 2 0 2  complex the value of K  was calculated as log K  = 2.39 ± 0.03. The 
evidence that the 388 nm species is a complex such as this is strong. Similar spectral 
changes (shift to 388 nm, loss of broad peaks at ~ 470 and -570 nm, growth of broad 
peaks at -  500 and 620 nm wavelengths) are seen in the presence of 2- 
hydroxynaphthoquinone (HNQ), although this substance complexes more strongly, 
given its equilibrium constant log Æ -  3.27 ± 0.06 in MeOH. In addition, in 1997, Lee 
and Nam^^ reported the effect of Fe-1-1 -methylimidazole on incorporation into 
the oxide product from the oxidation of olefin catalyzed by iron porphyrins. In their 
experiments, the authors observed a new Soret band at 390 nm after imidazole 
addition to the [F2oTPPFe^] solution in 3:1 MeOH-DCM (original peak at 404 nm), 
which then disappeared, and another Soret band at 408 nm of a di-imidazole iron(III) 
porphyrin complex was formed. The formation of a di-imidazole complex at the axial 
positions of iron porphyrin was inferred because it precluded the oxygen exchange 
between the intermediate [por-Fe^=0]^ and the labelled water H2 ^ ^ 0  in this study.
The observed rate constants kobs of the reaction of F2oTPPFeCl Fe-1 in MeOH with 
different concentrations of H2O2 at Imax = 388 nm were determined. The results 
indicated that the rate constant kohs varies with the concentration of H2O2, as kobs = kf + 
kr[H2 0 2 ]; kf and kr were also calculated and Scheme 4.1 proposed the mechanism of 
the reaction of F2oTPPFeCl in MeOH with H2O2 at room temperature.
Clearly, the comparison between the spectra of 300 mM and 200 mM of H2O2 
indicated that the post complexation reaction establishes a steady-state slow 
equilibrium involving the 388 nm Me0 H:Fe^":H2 0 2  complex and the 408 nm species 
(Figure 4.15). This cannot be simply an incomplete conversion, since hydrogen 
peroxide is present in considerable excess. A further point to note is that the 
proportion of catalyst in the complexed form is > 92%, so the relatively high peroxide
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concentrations used ensured that almost all the catalyst was in the complexed form, 
thus removing the hydrogen peroxide complexation factor from the subsequent 
reaction kinetics.
The values of kf and are consistent with evidence from the earlier work of the same 
authors^^’^ ’^^  ^ along with that of o t h e r s . M o r e o v e r ,  a closer inspection of Figure 
4.15 suggests that the two species (388 nm and 408 nm) yield spectra of about equal 
intensity for [H2O2] ~ 250 mM, and using the above values for kf and kr, the forward 
and reverse reactions would be reasonably matched around this concentration (kf = 4.4 
s-';*r = 54.3 s 'M "').
Thus, based on the previous work related to the present study, along with that of 
others, it can be proposed that the mechanism and rate/equilibrium constants are as 
shown in Scheme 4.6 and include the initial F e^  and H2O2 complexation step. It was 
previously postulated^^’^  ^ that oxidation to the oxoferryl Fe^ = 0  occurs via the 
oxoperferryl species Fe^=0 (or more accurately por‘^ *-Fe^=0). Nonetheless, it is 
noted here that even with the rapid stopped-flow system used in the current research, 
no spectroscopic evidence could be detected for Fe^= 0 .
Fe-1 + HoO
kr  =  4.4 s'logK  = 2.39 M'
T^nax 404 nm kmax 388 nm kmax 408 nm
Scheme 4.6 Mechanism for the reaction of hydrogen peroxide with FzoTPPFeCl in MeOH
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In effect at levels of H2O2 > 50 mM, the system simplifies to that given in Scheme 
4.7, i.e., a simple equihbrium between Fe-1 :H2 0 2  and F e^= 0 . The species showing 
the 408 nm peak (with a smaller peak at ~540 nm) is an oxoferryl species Fe^^=0 (or 
Fe^-O H ); it is the analogue of the ‘compound IF intermediate in enzyme chemistry. 
Hence, after the initial complexation, the Me0 H:Fe™:H2 0 2  (388 nm) breaks down 
intramolecularly to F e^ = 0  (408 nm), which subsequently undergoes a reaction 
involving H2O2 in order to return to the original Me0 H:Fe^:H 2 0 2  state. This 
‘turnover’ of H2O2 is ‘catalase’ activity, and has been previously proposed for 
metalloporphyrins.^'^’^ ’^'^ ’^^ ’^^ ’^^  ^ Nonetheless, this work contributes to the extant body 
of knowledge in this field, as it provides direct identification of the species involved, 
as well as quantification of the rate/equilibrium processes; it gives the first report of a 
directly-determined equilibrium constant for complexation of MeOH:Fe^:MeOH 
with H2O2 for F2oTPPFeCl.
^forward
Fe-1:H202 '  Fe^^=0
^reverse H 2O 2
T-max 388 nm l^iax 408 nm
^obs ^forward ^reverse [ ^ 2 ^ 2 ]
Scheme 4.7 The ‘equilibrium’ following initial complexation.
At [H2 0 2 ]o levels above 300 mM, additional processes are clearly taking place and 
beyond 1 s, a slow decay of both species, with minimal change in relative proportions, 
takes place to the extent of ~ 40% loss at 300 mM H2O2 after 8  s.
On adding DCM to the system to give a 3:1 MeOH-DCM solvent ratio, a 411 nm 
peak that forms within 1 s of mixing can be assigned to the Fe^ = 0  species (smaller 
peak is visible at ~ 550 nm). However, the obvious lack of enhancement of the 392
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nm shoulder at lower [H2O2] (see Figure 4.18 compared with MeOH after 512 ms) 
cannot necessarily be ascribed to the suppression of a H2 0 2 -dependent reverse 
reaction, since at low [H2O2] not all the original MeOH:Fe™:MeOH (assuming this is 
the ‘product’ of the reverse reaction) is bound up as Fe™:H2 0 2  complex, e.g. at À' -  25 
M '\  only ~ 71% is complexed at 100 mM H2O2.
The forward reaction (i.e., the spectral shift from 392 nm (Me0 H:Fe™:H2 0 2 ) to 411 
nm wavelength (Fe^=0)) is similar to that shown in the case of MeOH; in 3:1 
MeOH-DCM log Æ = 1.39 ± 0.39 (which is significantly lower than the value 
determined in MeOH log K  -  2.39 ± 0.03), but kf = 7 s‘  ^ and kr = 20 M'^s'^ and the 
mechanism can be shown in Scheme 4.3, similar to the mechanism in MeOH shown 
in Scheme 4.6. Clearly addition of DCM retards the complexation of H2O2 to Fe^\ 
enhances the decay of Fe™:H2 0 2  to F e^= 0 , and retards the reaction of with F e ^ = 0  
with H2O2.
Finally, when mixing F2oTPPFeCl with H2O2 in 1:1 and 1:3 MeOH-DCM the same 
shift for the original Soret peak at 404 nm to 388 nm occurred with the increase in the 
concentration of H2O2, but required a much higher concentration of H2O2 than was 
possible for these conditions to complete the formation of the Fe™:H2 0 2  complex in 
these solvents. Thus, an accurate value of the equilibrium constant K  or any observed 
first order rate constant (kobs) for reaction in 1:1 and 1:3 MeOH-DCM solvent mixture 
was not calculated, but the value of log K  can be estimated to be < 0.5, «  0.5, 
respectively. This further shows that complexation is retarded as more DCM is added.
These results indicate the formation of Me0 H:Fe°^:H2 0 2  from the reaction of 
F2oTPPFeCl Fe-1  with H2O2, which transforms probably via heterolytic 0 - 0  bond 
cleavage and por'^*-Fe^=0 to F e^= 0 , or possibly Me0 H:Fe^°:H2 0 2  directly forms 
the F e^ = 0  intermediate via homolytic 0 - 0  bond cleavage. These intermediates play 
a key role in the epoxidation of olefin, and they clearly depend on the amount of 
MeOH in the mixture of MeOH-DCM. This result is consistent with Stephenson and 
Bell, "^ ’^^  ^who proposed a dissociation process for the F2oTPPFeCl (inactive form) by
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replacement of Cl" by MeOH that produces MeOH:Fe°^:HOMe (active form). This 
solvation process would not occur in the presence of an aprotic solvent such as DCM 
and the metalloporphyrin chloride-ligated form remains. After solvation, H2O2 then 
can convert this active species (but not the Cl one) to Me0 H:Fe™:H2 0 2  and begin the 
reaction as described above. The polarity of MeOH plays important role facilitating 
heterolytic 0 - 0  bond cleavage,^^’^  ^but the kf is not very different here (4.4 vs. 7 s'^) 
so either this is less sensitive to solvent change than K, or it is homolytic cleavage that 
is occurring.
The previous results were studies on tetrakis(pentafluorophenyl) porphyrin iron(III) 
chloride complex Fe-1, which is classified as a very electron-deficient iron porphyrin 
complex containing an electron-withdrawing substituent on the phenyl ring at the 
meso position of the porphyrin ring. To explore the effect of the substituent on the 
porphyrin, the reaction was repeated using an electron-rich iron porphyrin complex 
containing an electron-donating substituent, tetraphenylporphyrin iron(III) chloride 
complex, Fe-2 using 3:1 MeOH-DCM. No major changes appeared in the Soret peak, 
and the comparison between Fe-1 and Fe-2 indicates that the electronic nature of 
iron(III) porphyrin plays an important role in the formation of the intermediates that 
were detected (for F2oTPPFeCl) in this work, and are responsible for the epoxidation 
of substrates. So the electron-rich porphyrin seems a poor catalyst; many authors have 
not succeeded in attempts at epoxidation of olefin catalyzed by tetraphenylporphyrin 
iron(III) chloride with hydrogen peroxide as the oxidant, since Fe-2 is very easily led 
to degradation,^"^’^  ^and not truly selective."^^’^ ’^^ "^ ’^ ^
The reactions were repeated by changing the iron(III) to Mn(III) in an attempt to 
investigate the effect of metal ion on the reaction of metalloporphyrin with hydrogen 
peroxide, using tetrakis(4-sulfonatophenyl)porphyrin manganese(III) chloride 
complex Mn-3; and tetraphenylporphyrin manganese(III) chloride complex Mn-4 
(electron-deficient and electron-rich Mn(III) porphyrin). There was no change in the 
Soret for both cases, and negligible changes in the absorption spectra were observed 
after addition of an oxidant over the first 3 ms or over 1 second. Hence it seems
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unlikely that a strong Mn^iHiOz complex forms in the case of Mn, although other 
workers have claimed that catalysis o c c u r s . I n  contrast, Rebelo et observed the 
inactivity of an electron-deficient Mn(III) porphyrin in protic solvent and the absence 
of a co-catalyst when it was used for oxidation of cw-cyclooctene in the presence of 
H2O2 as oxidant.
Finally, the effect of the addition of an easily oxidizable 2-hydroxy-1,4- 
naphthoquinone (HNQ) substrate to the Fe-1 /H2 0 2  reaction was studied, and this 
investigation was divided into two parts.
Effect o f 2-hydroxy-1,4-naphthoquinone (HNQ) on Fe-1 in the absence o f H2O2 . In 
this part the stopped flow UV-Vis spectra were recorded for the reaction of 
tetrakis(pentafluorophenyl)porphyrin iron(III) chloride complex Fe-1 in 3:1 MeOH- 
DCM with 2-hydroxy-1,4-naphthoquinone (HNQ) at 25 °C within the absence of 
H2O2. They showed a shift in the Soret peak at 404 nm to the new peak at 388 nm 
represented as Fe-1:HNQ such as appeared in the case of Fe-1 with H2O2, but the 
equilibrium constant value log K  = 4.29 ± 0.06 was much greater than the 
corresponding log K  of Fe-1 (log K  = 1.39). These results disagree with 
Cunningham,^^ where no obvious spectral changes were observed in the reaction of 
Fe-1 in 3:1 MeOH:DCM with 3-alkyl HNQ derivative in the absence of H2O2; it is 
possible that the bulky alkyl group on these hindered the complexation.
Effect o f H2O2 on Fe-1 in 3:1 MeOH-DCM in the presence o f HNQ. Under these 
conditions 10 pM Fe-1 and 300 pM HNQ were mixed together in the same solution in 
3:1 MeOH-DCM and titrated with various concentrations of mM H2O2, leading to a 
small but noticeable change in the spectrum. It is argued that the peak that appeared at 
392 is not the complex represented as HNQ:Fe™:H2 0 2  but the mixture of Fe^^^:HNQ 
and Fe°^:H2 0 2 , which decayed over 400 ms with a value of kobs in the 4.5 -  22 s'  ^
range, similar to value found without HNQ. So, it is similar to the HNQ-free case, and 
it can be considered that the same species Fe°^:H2 0 2  (rather than HNQ:Fe™:H2 0 2  or 
Fe^:HNQ), is reacting in both cases. The changes that occur within the first 3 ms take
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place while most of the HNQ is present, but the decay (over 512 ms) takes place with 
some depletion of HNQ, which is probably completely lost after 433 -  4330 ms 
(according to results from Fae Pankhurst)/"^^ The intramolecular reaction of the 
Fe^iH iO i complex proceeds as before and if it produces Fe^=0 (Figure 4.36) the 
oxidation product most likely in these experiments is the epoxide.^^ A suggested 
mechanism scheme involving competition between H2O2 and HNQ for the original 
Fe™ catalyst is shown below (same as Scheme 4.5); values of kf and kr are likely to be 
similar to the HNQ-free case.
K  [H2O2]
lo g K  = 1 .4
Fe-1 + H2 O2  
Xmav 404 nm
lo g K  =  4 .3
[ kf s'^ )
Fe:H2 0 2  -
^max 392 nm 
H2O2
Fe^ = 0  
Xmflv411 nm
Fe:HNQ 
>irnav 392 nm
Scheme 4.5 (repeated)
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CHAPTER 5: Effect of the addition of 2-hydroxy-l,4- 
naphthoquinone on the reaction of hydrogen peroxide with 
metalloporphyrin as a catalyst
5.1 Introduction
In Chapter 4, the investigation of pre-steady state reactivity of iron porphyrin 
tetrakis(pentafluorophenyl)-21H,23H-porphyrin iron(III) chloride (Fe-1) 
(F2oTPPFeCl) towards hydrogen peroxide H2O2 in MeOH solvent was described. The 
results were interpreted according to Scheme 4.6 (shown again as 5.1), where it can 
be seen that the initially-detected Me0 H:Fe^:H 2 0 2  complex decays rapidly (typically 
by ~ 520 ms) to an equilibrium mixture of F e^ = 0  and Me0 H:Fe™:H2 0 2  (which is in 
equilibrium with MeOH:Fe°^ at low [H2O2]).
kr = 54.3 M'^ s'^ H2O2
logK = 239 .^f = 4.4s->) [fast]
Fe + H2O2 Fe:H2 0 2   ► F e ^ = 0 ---------- ►Fe^^=0
kmax 404 nm 388 nm W  408 nm
Scheme 5.1 Mechanism for the reaction of hydrogen peroxide with F io T F F F e C l in MeOH
5.2 Chapter Aim
The aim in this chapter was to assess whether the species present were significantly 
affected by addition of oxidisable substrate, namely 2-hydroxy-1,4-naphthoquinone 
HNQ. Of particular interest was F e^= 0  and its reaction towards HNQ, i.e. whether it
1 4 3
is easily reduced by HNQ, in which case the equihbria mentioned above (all occurring 
within the first 1 s) should be perturbed. Indeed, if the reaction of Scheme 4.6 does 
proceed via Fe^=0 (por'^*-Fe^=0), it should be ‘captured’ by HNQ and returned to its 
Fe^^iHiOi state (at 388 nm), again detected by a disruption of the dynamic 388 -  408 
nm equilibrium. So, more specifically the aim of this study was towards investigating 
the effect of adding the substrate HNQ after 520 ms to the equilibrium mixture of 
Fe™:H2 0 2  and F e^= 0 , obtained through the reaction of F2oTPPFeCl with H2O2 in 
methanol at 25 °C. To achieve this goal, kinetic studies were conducted to measure 
the observed pseudo-first order rate constant kobs at various concentrations of HNQ, 
F2oTPPFeCl, and H2O2. Moreover, the effect of temperature variation on the reaction 
was also measured; all utilizing the double mixing stopped flow technique (see 
Experimental).
5.3 Experimental Procedure
5.3.1 M aterials
The materials used in this experimental procedure were methanol, hydrogen peroxide, 
the catalyst [5,10,15,20-tetrakis(pentafluorophenyl)-21H,23H-porphyrin iron(III) 
chloride complex] F2oTPPFeCl 1, and 2-hydroxy-1,4-naphthoquinone HNQ 97% 
procured from Sigma-Aldrich.
OH
O
2-Hydroxy-1,4-naphthoquinone (HNQ)
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5.3.2 Apparatus
Rapid scans and kinetic measurements were performed using an Applied 
Photophysics SX.18MV-R Stopped Flow Spectrometer and the double mixing 
technique.
Double Mixing Technique:
Stopped-flow, required in this work for measuring various effects including 
temperature variation, can be achieved by double mixing (sequential mixing), where 
more than two solutions are combined (Figure 5.1, no.4).
In this more advanced system, four drive syringes were used. The first two were used 
to simultaneously drive two solutions (A and B) through a mixer, feeding them into a 
delay line. Thus, the duration of the first reaction is determined by the length of the 
delay line, along with the time required for the solutions to pass through it. After 
passing through the delay line, the first two solutions (now mixed) enter a second 
mixer where they are mixed with a third reactant (C and F, mixed in the same way as 
A and B), before entering the flow cell. The reactants prepared in this manner displace 
the previous contents of the observation cell and trigger the data collection procedure, 
identical to the one described for the basic stopped-flow system.
For this experiment, the apparatus settings were changed from single mixing to 
double mixing position by discharging the water in the cell block, before removing 
the front cover of the water bath in order to reconnect all pre-mix extension tubes. 
Water was flushed through the connecter before linking all the tubes with the flush 
line (Figure 5.1, no.l). Next, the cover was placed back into its position and the 
volume for pre-mix was adjusted to approximately 220 pi (Figure 5.1, no.2). After 
this step, the total volume was adjusted until it reached 400 pi (Figure 5.1, no. 3), 
required for obtaining 180 pi of flush volume. The presence of any leaking was 
checked by pressure test prior to commencing the measurements.
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Figure 5.1 Double Mixing Stopped Flow.
5.3.3 Kinetics Procedure
The kinetics measurements were performed using an Applied Photophysics 
SX.18MV-R Stopped Flow Spectrometer. In this experiment, the photomultiplier 
absorption detector at fixed wavelength = 388 nm was used. Rapid double­
mixing experiments were carried out following the procedure (or a similar one using 
different concentration of reagents as appropriate) described here. For drive 1, one of 
the two stopped-flow module drive syringes (A) was filled with 2.5 ml of a 
methanolic solution containing 72.73 mM H2O2 . The remaining syringe (B) was filled 
with 36.36 pM of F2oTPPFeCl methanolic solution. In each run, a pre-mix volume of
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110 pL/syringe of each solution was mixed, achieving the total drive 1 volume of 220 
pL, as noted above. After a delay time of 520 ms ± 2 various (required for measuring 
the effect of HNQ) concentrations of HNQ (2.22-11.1 mM) as methanolic solutions 
that had been placed into the drive 2 (Syringe C) and methanol in drive 2 (Syringe D) 
were added. The total flow volume of approximately 400 pL was achieved, equivalent 
to 180 pL, or 90 pL/syringe in drive 2. The time resolved spectra were constructed 
under the following experimental conditions: timebases = 1 sec, the observation 
chamber pathlength = 0.2 cm, and fixed wavelength 1 = 388 nm. The absorbance was 
monitored over time and all measurements were carried out at the required 
temperature. The collected data were processed by the computer, whereby the dead 
time between the onset of the reaction and the start of data collection was determined 
to be ~ 1.5-2 ms. All kinetic experiments were repeated five times under the same 
conditions. In order to keep the required temperature constant, the solutions in 
stopped-flow syringes were subjected to thermostatted circulating water bath.
5.3.4 Calculation of observed constant kobs and equilibrium constant K
The kinetic and equilibrium equations are derived as in 4.3.3.1 and 4.3.3.2 and are 
simply listed below
\n{AhSi - Absoa) = -kobst + C (standard first-order)
where C= ln(AZ?Jo - Absoo) is a constant.
Abst = (Abso - Absao ) exp(-kobs t) + Abs^ (fitted)
where kobs and Abs^ are treated as variable parameters adjusted to give a “best fit” to 
the experimental Abst vs. t curve, t = time (seconds).
ln(AZ?5t- Abst+A) = - kobst + C’ (Guggenheim's)
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where C’= - Abs<x,)(l -  e"^) is a constant.
(AbsQ -Abs) 1
K  =
(A b s-A b s ,.)  [HNQ\
(equilibrium)
5.4 Results
5.4.1 Complexation of FioTPPFeCl by HNQ in MeOH
Based on the aforementioned procedure, the change in the absorbance obtained 
through titration of F2oTPPFeCl by HNQ in MeOH was used to determine the 
equilibrium constant of the reaction. The results are shown in Figure 5.2, indicating a 
log K  value of ~ 3.27 ±0.06, earlier the value in 3:1 MeOH-DCM was found to be 
larger, 4.29.
0.065 -I
0.055 -
<  0.045 -
0.035 -
0.025
0.0 0.5 1.0 1.5 2.0 2.5 3.0
[HNQ], mM
Figure 5.2 Titration of 10 pM F io T F F F e C l by HNQ in MeOH
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5.4.2 Equilibrium mixture of Fe ^iHiOz and Fe^^=0
In these experiments, the choice of conditions was limited, as the H2O2 concentration 
needed to be sufficiently low in order for it not to dominate the reaction (e.g. by 
dominating the putative Fe^^=0 + H2O2 ‘back reaction’). However, limiting H2O2 
content prohibits the initial Fe™ <-> Fe™:H2 0 2  reaction from completion, and makes 
the Fe™:H2Û2 Fe^^=0 equilibrium slower to establish. Thus, as a compromise, 20 
mM H2O2 was used in this experiment, as at this level ~ 83% of the Fe™ is expected 
to begin in the Fe™:H2 0 2  form. Moreover, 1 mM was chosen for the HNQ, as this 
quantity prevents excessive UV-Vis absorption from HNQ in the 400 nm region. 
Initially, the F2oTPPFeCl and H2O2 were allowed to react (in the absence of HNQ) for 
1000 ms. The scans obtained during this time are shown in Figure 5.3, where the scan 
obtained after 520 ms is highlighted in bold. As expected it matches the MeOH results 
in Chapter 4.
0.30
0.25
0.20
0.15
<
0.10
0.05
0.00
350 400 450 500 550 600
Wavelength, nm
0.00064 s 
0.01344 s 
0.02624 s 
0.03904 s 
0.05184 s 
0.06464 s 
0.07744 s 
0.09024 s 
0.103 s 
0.1158 s 
0.00512 s 
0.1075 s 
0.2099 s 
0.3123 s 
0.4147 s 
0.5171 s 
0.6195 s 
0.7219 s 
0.8243 s 
0.9267 s
650 700
Figure 5.3 Reaction of 10 FzoTPPFeCI with 20 mM H2O2 in MeOH over 1 s. The hold trace is 
the 520 ms one.
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5.4.3 Addition of HNQ to the equilibrium mixture of Fe^^iHzOi and Fe :=0IV
Using the double-mixing experimental setup described above, and after 520 ms bad 
lapsed, 1 mM HNQ was added to the pre-establisbed equilibrium mixture of 
Fe™:H2 0 2  and Fe^^=0, with the results shown in Figure 5.4.
0.44 n
0.4 0.052484 s
0.1805 s
I
•e
0.3085 s
0.4365 s
0.42 -
<
0.5645 s
0.6925 s
0.8205 s
0.9485 s
0.38
380 390 400 410 420
450 500350 400 550 600 650 700
Wavelength, nm
Figure 5.4 Rapid-scanning stopped-flow spectra for the reaction following addition of 1 mM 
HNQ to a mixture of 10 pM F aoT P P F eC l and 20 mM H2O2 in MeOH allowed to pre-react for 520 
ms. Inset: expansion of main repscan.
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Comparison of the two scans reveals very little difference between this “HNQ- 
intercepted” scan and the later stages of the HNQ-free one of Figure 5.3, as the 388 
nm peak continues to decline slightly, while the 408 nm one continues to grow 
slightly. There is no dramatic change in the proportion of the 388 nm and 408 nm 
peaks. Figure 5.5 shows the change in Abs^ss for reaction of 10 pM FioTPPFeCl with 
20 mM H2O2 in MeOH (25 °C) over ~ 1000 ms (data from Figure 5.3 at 388nm). 
Superimposed on this plot is the graph of the same absorbance changes (from 520 ms 
onwards) when 1 mM HNQ was added after 520 ms have lapsed (data from Figure
5.4 at 388nm). As expected, the latter spectrum is instantly ‘lifted’ by the underlying 
absorbance of the added HNQ. Nonetheless, if the absorbance at t = 0 (the point 
where HNQ is added after 520 ms) for this plot is adjusted to match the 520 ms value 
obtained in the first reaction, the curvature of the plot changes very little. In short, the 
effect of added HNQ after 520 ms is minimal. The same trend is observed at 408 nm 
(Figure 5.6).
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Figure 5.5 Decay of Absi,ss for reaction of 10 pM FzoTPPFeCI with 20 mM H2O2 in MeOH over 1 
s (♦), then the same reaction conditions, but from 520 ms onward following addition of 1 mM 
HNQ (■), and the latter, but adjusted to match at 520 ms (A).
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Figure 5.6 Changes in Abs s^s and Absm  for reaction of 10 pM FioTPPFeCI with 20 mM H2O2 in 
MeOH over 1 s (♦, A), then from 520 ms onward following addition of 1 mM HNQ (■,♦).
Although the intention of adding reactive HNQ was also to prevent bleaching, it still 
took place. The process was observed over a period of approximately 16 minutes, and 
it was noted that the equilibrium mix of peaks at 388 and 408 nm was lost through 
‘bleaching’ at much the same rate (Figure 5.7 and Figure 5.8) although it seemed that 
the 408 nm species decayed slightly more rapidly (see 30 s scan). In fact the extent of 
bleaching was relatively small over ~ 7 s, so the kinetics of the absorbance changes 
following addition of HNQ (after 520 ms) were analysed in more detail using single X 
monitoring.
In steady-state reactions, where Fe-1, H2O2 and HNQ are added at the start of the reaction, bleaching 
is greatly slowed.
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Figure 5.7 Changes in spectrum over 520 ms -  1000 s following addition of 1 mM HNQ to a 520 
ms pre-reacted mix of 10 pM F2oTPPFeCl with 20 mM H2O2 in MeOH.
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Figure 5.8 Bleaching of both Fe components at 388 nm and 408 nm over 16 minutes.
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5.4.4 Kinetic studies of the reaction.
These kinetics experiments were carried out for different concentrations of 
FioTPPFeCl, H2O2 and HNQ and each was run five times.
5.4.4.1 Addition of HNQ to the equilibrium mixture of Fe^^iHzOi and Fe^^=0 
starting from various amounts of H2O2
The effect on Abs^^s of adding 1 mM HNQ after 520 ms to a pre-reacted mixture of 
10 \iM F2oTPPFeCl with various (10-50) mM H2O2 in MeOH at the temperature t = 
25 °C is shown in Figure 5.9.
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Figure 5.9 Changes in for reaction of 10 fiM F2oTPPFeCl with various mM H2O2 in MeOH 
following interception after 520 ms hy addition of 1 mM HNQ.
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On the graph (Figure 5.9), the y-axis marks the point of addition of HNQ, in fact the 
FioTPPFeCl + H2O2 reaction ‘starts’ at -0.520 s (equivalent to adding HNQ after 520 
ms have lapsed). It can be noted that, qualitatively, the plots reflect the last stages of a 
reaction that is increasingly fast (and therefore near completion) with increasing 
[H2O2]. In order to assess this process in quantitative terms, the Guggenheim method 
was used to determine fist-order rate constants (e.g. Figure 5.10), which are given in 
Table 5.1. The slowness of the subsequent bleaching (which caused problems with 
kinetics earlier), probably because of addition HNQ, gives relatively clean plots of 
absorbance vs. time. In addition, rate constants for the F2oTPPFeCl 4- H2O2 reaction 
(obtained in the work described in Chapter 4) without any interception by HNQ are 
included in Figure 5.11.
0 44 1
0,43
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0.41
0.40
0.00
time, s
-2.5
03 0.4 0.5
y = -5.4053X - 3.4588 
R" = 0.998
s
0.20 0.40 0.60 
time, s
0.80 1 00 1.20
Figure 5.10 Plot of Abs vs. t (at 388 nm) for interception of 10 pM Fe and 50 mM H2O2 by 1 mM 
HNQ after 520 ms, Inset: ln(At+ -^AJ vs. t
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Table 5.1 Observed first-order rate constants vs. [H2O2] for loss of Abs at 388 nm following 
interception after 520 ms of the F2oTPPFeCl + H2O2 reaction by 1 mM HNQ in MeOH (± average 
of 5 runs).
[H2 0 2 ]
mM
kobs
s'^
1 0 2.04 ±0.12
2 0 2.83 ±0.19
30 3.83 ±0.10
40 4.65 ±0.10
50 5.40 ±0.05
When these data are plotted against [H2O2], as shown in Figure 5.11 it is evident that 
the kinetic data in the presence of HNQ fits moderately well with that obtained in the 
absence of HNQ. Hence, the effect of HNQ once the Fe:H2 0 2  and Fe^^=0 equilibrium 
is established appears to be minimal.
35.00 n
30.00 -
25.00 -
'c/3
20.00 -
15.00 -
10.00 -
5.00 -
0.00 -
%
♦  HNQ present 
■ HNQ absent 
Fitted
1 0 0 200 300
[H2 O2 ], mM
400 500
Figure 5.11 Plot of k„bs vs. [H2O2] for reaction of F2oTPPFeCl + H2O2 with interception by HNQ 
(1 mM) and without interception by HNQ (1 mM). Continuous line is fitted to Eqn. in (p.l44).
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The kinetic process can be described mathematically in a manner similar to that 
pertaining to the reaction given in Chapter 4 (p. 108).
Using this equation and values of K, kf, and kr from Chapter 4 (245 L .m ol'\ 4.4 s '\  54 
M'^s'^) the fitted li 
intercepted’) results.
ne in Figure 5.11 approximately includes the new (‘HNQ-
S.4.4.2 Addition of various amounts of HNQ to the equilibrium mixture of 
Fe™:H2 0 2  andFe'^=0
Although the effect of adding 1 mM HNQ after the initial 520 ms to the 10 \iM  
F2oTPPFeCl + 20 mM H2O2 reaction at temperature = 25 °C is relatively small, it is 
nonetheless noticeable. Hence, the effect of varying the amount of HNQ was 
investigated; kinetics were analyzed by a first-order method to give a rate constant, 
kobs, which was obtained by measuring the slopes of ln(At+A -  A J linear plots versus 
time, one of which is shown in Figure 5.12, The results obtained for kobs are shown in 
Table 5.2 and plotted in Figure 5.13; further confirming that the effect of added HNQ 
is slight.
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Figure 5.12 Plot oïAbs vs. t (at 388 nm) for interception of 10 pM Fe and 20 mM H2O2 by 1 mM 
HNQ after 520 ms, Inset: ln(At+A-At) vs. t.
Table 5.2 Observed first-order rate constants vs. [HNQ] for loss of Abs at 388 nm following 
interception by HNQ after 520 ms of the F2oTPPFeCl + H2O2 reaction in MeOH (± average of 5 
runs).
[HNQ]
mM
o^bs
s'^
0.5 2.46 ±0.04
1 .0 2.56 ±0.03
1.5 2.65 ±0.17
2 .0 2.71 ±0.05
2.5 2.84 ±0.14
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Figure 5.13 Plot of k^ hs vs. [HNQ] for reaction of FioTPPFeCl + H2O2 with interception by HNQ.
5.4.4.3 Addition of HNQ to the equilibrium mixture of Fe^^iHiOi and Fe*^=0, 
varying the amount of FioTPPFeCI
Throughout this work, the catalyst concentration has been -10 [xM, but in this part it 
was varied. So the reaction described above was repeated under the same conditions, 
apart from changing the catalyst concentration within the 5 - 2 5  pM range. It was 
anticipated that reaction in the catalyst FioTFFFeCl would be first-order; hence, kohs 
would be expected to be constant across a range of [F2oTFFFeCl]. However, the 
values of kobs obtained experimentally are given in Table 5.3, and suggest (at least 
when monitoring the reaction after the addition of HNQ) that this is the case (Figure 
5.14) only for low levels of FioTFFFeCl, < 15 pM.
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Table 5.3 Variation of kobs witb different concentrations of [Fe-1], [HNQ] = 1.0 mM, [H2O2] =20 
mM at 25 (± average of 5 runs).
[Fe-1]
pM
o^bs
s '’
5 2.74 ±0.07
10 2.79 ±0.04
15 3.18 ±0.04
20 3.60 ±0.03
25 4.39 ±0.03
3
10 15 20 25
[Fe-1], [iM
Figure 5.14 Plot of A^„bs vs. Fe-1 for reaction of F2oTPPFeCl + H2O2 witb interception by HNQ 
after 520 ms.
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S.4.4.4 Effect of temperatures on the rate of the reaction.
The observed rate constant obtained when 1 mM HNQ was added after 520 ms to a 
pre-reacted mixture of 10 pM F2oTPPFeCl with various (10-50) mM H2O2 in MeOH 
at the temperature t = 25 °C has been investigated earlier. The effect of temperature on 
this process was studied by varying the temperature over the 10 - 30 °C range. The 
results presented in Table 5.4 indicate that kohs varies with temperature in a manner 
depicted in the plot of kohs versus [H2O2] shown in Figure 5.15. Clearly, the variation 
of rate with [H2O2] that is seen at 25 °C, is also found at other temperature.
Table 5.4 Variation of rate constant, kobs witb different concentrations of hydrogen peroxide 
[H2O2I at [HNQ] = 1 mM, and [Fe-1] =10 pM at different temperatures (± average of 5 runs).
[H2 0 2 ]
mM
o^bs, S
1 0  °c 15 °C 20 °C 25 ""C 30 °C
10 0.69 ±0.06 1.04 ±0.06 1.36 ±0.08 2.04 ±0.12 2.56 ±0.12
20 1.19 ±0.06 1.72 ±0.06 2.13 ±0.03 2.83 ±0.19 3.32 ±0.09
30 1.93 ±0.06 2.42 ±0.06 3.04 ±0.04 3.84 ±0.10 4.49 ±0.01
40 2.43 ±0.06 2.84 ±0.06 3.22 ±0.02 4.65 ±0.10 5.63 ±0.09
50 2.99 ±0.07 3.36 ±0.06 4.04 ±0.06 5.4 ±0.12 6.08 ±0.12
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Figure 5.15 Plot of kobs vs. [H2O2] at different temperatures for loss of Abs s^s in MeOH.
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5.5 Discussion
Experiments within the research group have shown that HNQ is readily oxidized by 
F2oTPPFeCl/H202, and it is indeed a good substrate, even at < 100 pM levels when 
used with catalyst at -  4 pM l e v e l s . T h e  steady-state reaction appears to indicate 
that the reaction of F2oTPPFeCl with H2O2 is the rate-limiting step.^'’^  Thus, in such 
reactions, HNQ must rapidly react with the putative Fe^=0 (or por^'-Fe^=0). 
However, when the same reactive substrate at 1 mM or (1000 pM) is added to the 
Fe^:H202 F e^ = 0  equilibrium, it has a minimal effect. A rapid reaction reduction
of F e^ = 0  would have been expected to immediately regenerate the Fe™:H2 0 2  peak 
(388 nm) at the expense of the F e^ = 0  peak (408 nm). So, it might seem at this stage 
that HNQ reacts only with the putative Fe^=0 (or por‘^’-F e^= 0) intermediate, and not 
with the Fe^= 0 .
These results are consistent with Nam et who reported convincing evidence that 
the reactions of iron(III) porphyrin complexes with hydrogen peroxide and tert-alkyl 
hydroperoxides invariably proceed by way of a heterolytic 0 - 0  bond cleavage in 
protic solvent. They go on to indicate that the failure to obtain high epoxide yields in 
iron porphyrin complex-catalyzed epoxidation of olefins by hydroperoxides is due to 
the meehanism of heterolytic 0 - 0  bond cleavage followed by a fast hydroperoxide 
oxidation.
However, the results disagree with Rebelo et where the authors assumed the 
initial formation was a hydroperoxy-species II (Scheme 5.2), which then either 
transferred the oxygen atom directly to the substrate (pathway A) or cleaved the 0 - 0  
bond to form an oxo-species (pathway B); these conclusions depend on the conditions 
of the reaction; i.e. an electron-rich porphyrin, the presence of co-catalyst and aprotic 
solvent preferred pathway B, while an electron-deficient porphyrin, in the absence of 
co-catalyst and with protic solvent preferred pathway
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Scheme 5.2 The proposed reaction pathways for oxidation of olefin catalyzed by 
metalloporpbyrin witb hydrogen peroxide.^^
Figure 5.16 from Rebelo et shows the decrease in the intensity of the Soret peak 
of Fe-1 in 3:1 MeOH-DCM at room temperature, and no change in the position of the 
Soret peak after the addition of H2O2. This indicated no iron(IV)-oxo porphyrin 
radical cation species involving the mechanism, which is completely different from 
the spectra in this work.
1 6 4
0.45 -
A bs 0.4 
0.35
0.3
0.25
0 2
0.Î5
0.1
0.05
0
îe %<£>
to<N<r> o
W avelenstli. nni
Figure 5.16 UV-visible spectra of catalytic reactions corresponding to Fe-1 (a) at the beginning of 
the reaction in the absence of substrate and (b) after the addition of H 2 O2 ; (c) after the
addition of one drop of cis-cyclooctene.^^
It is quite clear from all the results that the value of the observed rate constant of the 
reaction is proportional to the concentration of H2O2, a finding consistent with 
Stephenson and Bell^ "^  who reported that the observed rate constant changes as the 
initial concentration of hydrogen peroxide is varied. In keeping with the very small 
changes noted here when HNQ was added, the value of the observed rate constant of 
the reaction is independent of the concentration of the substrate, Stephenson and 
Bell^^ reported the same result when they found no change in the observed rate of 
epoxide formation when increasing the concentration of cyclooctene. These results 
support the pseudo-steady-state hypothesis usually applied to the intermediate formed 
via heterolytic 0 - 0  bond cleavage of the iron(III) hydroperoxide species formed from 
the reaction of Fe-1 with H2O2.
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With no or very small effect on the first order rate constant Aobs (as expected) at low 
concentrations of the catalyst, but significant change at high concentrations of Fe-1 
(over 10 fxM), it is clear that more investigation will be required to comprehend role 
of Fe-1 at higher levels. Finally, it was studied only briefly, the value of the observed 
rate constant of the reaction increasing as the temperature is increased, is a result
consistent with that of Kungumathilagam and Karunakaran.71
The mechanism of the reaction reported above is shown below, along with some 
kinetics (in MeOH).
= 54.3 M'^ s'^j H2O2
T logK = 2.39 M’^ k f = 4.4 s'^
e + H2O2 ^ — Fe:H202 — — ► Fe^
^  404  nm
lo^K=3.21
FeiHNQ 
^ 3 8 8 n m
?imax 388 nm 4 ia x  408  nm  
HNQ
no reaction
Scheme 5.3 Mechanism for kinetic analysis of the reaction of hydrogen peroxide with 
F io T P P F e C l in MeOH in the presence of HNQ.
To conclude, a final speculation is made, it was argued that HNQ ought to ‘trap’ 
Fe^=0 (por'*’’-Fe^=0) and return it to Fe™:H202- But, if Fe^=0 is just an intermediate 
on the path from Fe°^:H202 (388 nm) to F e^ = 0  (408 nm), then interception of Fe^=0 
by HNQ should have the same effect on the “388 nm” <->■ “408 nm” equilibrium, i.e 
move it towards 388 nm (Fe™:H202). Yet experimentally no change is seen; this
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implies either that HNQ cannot react with Fe = 0 , which is unlikely, or that Fe = 0  
(por^'-Fe^=0) is never present in this reaction. In other words, reaction of Fe-1 with 
H2O2 in the absence of oxidizable substance (e.g. HNQ, cyclooctene) goes directly to 
F e^= 0 , and that Fe^=0 only forms when HNQ or alkene is present from the start.
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CHAPTER»
CHAPTER 6: Conclusions and Future Work
6.1 Conclusions
Oxidation of cyclooctene by hydrogen peroxide H2O2 catalyzed by 
tetrakis(pentafluorophenyl)porphyrin iron(III) chloride (F2oTPP)FeCl 1 in solvent 
mixtures of MeOH-DCM monitored using the gas chromatography GC technique 
showed a small yield of cyclooctene oxide product after 2 hours. However, there was 
a small increase in oxide yield with the increase of methanol in the mixture, which 
reached its maximum at the 3:1 ratio. Under these conditions, the active intermediate 
generated from H2O2 clearly gives a very low yield of epoxide, and this is most likely 
due to rapid bleaching of the catalyst. A Mn(III) metalloporphyrin showed slower 
porphyrin degeneration, but was not investigated further.
For most metalloporphyrins studied in this work, the products of cyclooctene 
oxidation using O2 plus NaBH4 were cyclooctene oxide and cyclooctanone. However, 
when F2oTPPFeCl 1 was used as a catalyst, cyclooctanol was the predominant 
product. All of the products were analysed by gas chromatography (GC), gas 
chromatography-mass spectroscopy GC-MS, and UV-Vis absorption spectroscopy, 
and the products of this oxidation of cyclooctene with molecular oxygen are 
suggested to arise by the scheme show below.
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CO'
w h w eB H / = H" = base
Scheme 6.1 Proposed oxidation mechanism for cyclooctene using Fe-1 with O^and NaBH4.
It appears that the overall product yield primarily depends on the electron- 
withdrawing nature of the meso group on the porphyrin ring. The yield was 
approximately 57% in case of tetrakis(pentafluorophenyl) porphyrin iron(III) chloride 
complex Fe-1, and around 3% for an electron-donating group on the porphyrin ring, 
e.g. tetraphenyl porphyrin iron(III) chloride complex Fe-2. Also when comparing 
tetrakis(4-sulfonatophenyl) porphyrin manganese(III) chloride complex Mn-3 with 
tetraphenyl porphyrin manganese(III) chloride complex Mn-4, the product formed in 
the former case was slightly more than the latter. The change in the metal ion of the 
metalloporphyrin has no significant effect on the yield, as shown the result for Fe-2 
and Mn-4 (both low yield).
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The initial interactions of metalloporphyrin with oxidant were explored using the 
single-mixing stopped flow technique, while studying the reaction of Fe-1 with H2O2 
in the first second of the reaction in the absence of substrate at room temperature. This 
gave the first direct measurement of the equilibrium constant K  for the important 
complexation of hydrogen peroxide to Fe in Fe-1. In addition, while others have 
estimated the various rate constants involved in the catalysis by this catalyst of 
hydrogen peroxide oxidation, here are reported direct measurements of rate constants 
for some of the key steps in the pre-steady state mechanism of this catalysis. These 
values of log K, kf and kr depend on the amount of MeOH in the mixture solvent of 
MeOH-DCM, where they change along with increasing MeOH, for MeOH these 
values are shown below. The species shown were identified based on spectroscopy 
and kinetics.
>tmax 404 nm
Fe-1 + H9O
kj. = 54.3 M"' s'
logK = 2.39 M
A^max 388 nm >imax 408 nm
Scheme 6.2 Proposed mechanism and rate constants.
The scheme includes the elusive Fe^=0 (por'^*-Fe^=0) intermediate, based on the 
previous research related to the present study. It is proposed that the mechanism and 
rate/equilibrium constants reflect initial Fe°^ and H2O2 complexation, then oxidation 
to the oxoferryl F e^ = 0  via the oxoperferryl species Fe^=0 (or more accurately the 
iron(IV)-oxo porphyrin radical cation species por'*'*-Fe^=0) and then regeneration of 
Fe-1:H202 by reaction of F e^ = 0  with H2O2. It is noted here that even with the rapid
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stopped-flow system used in the current research, no spectroscopic evidence could be
detected for Fe^=0.
As DCM was added to the reaction solvent, the value of K  dropped by an order of 
magnitude, although less significant changes were noted in the case of kf and k^ .
These studies also investigated the effect of electron-withdrawing and electron- 
donating substituents on phenyl group and the change of central metal. High activity 
was found only for an iron porphyrin complex containing an electron-withdrawing 
group at the meso position of the porphyrin, i.e. Fe-1 in a methanolic solvent. The 
electron-donating metalloporphyrin Fe-2 and the manganese ones, (Mn-3 and Mn-4) 
showed no significant activity.
An investigation of the effect of the presence of hydroxy naphthoquinone HNQ as 
organic substrate on the reaction of Fe-1 with H2O2 was then carried out using single 
mixing stopped-flow and double mixing stopped-flow techniques. The equilibrium 
constants log K  for the reaction Fe-1 in MeOH and 3:1 MeOH-DCM with HNQ in the 
absence of the oxidant were calculated to be 3.27 and 4.29, respectively). The H2O2 
was then added, and although it was clear that oxidation of HNQ might be taking 
place during experiment, the ‘instantaneous’ (< 3 ms) complexation occurs while 
most of the HNQ is present. It was found that the H2O2 displaces the complexing 
HNQ, and the intramolecular reaction of the Fe™:H202 complex proceeds as before. 
However, the subsequent decay (over 512 ms) to F e^ = 0  takes place with some 
depletion of HNQ.
The double mixing stopped flow spectra on the addition of HNQ after the 
establishment of the Fe™:H202 Fe^^=0 equilibrium confirmed that HNQ has
minimal effect. A rapid reduction of Fe^^=0 would have been expected to 
immediately regenerate the Fe^:H202 peak at the expense of the Fe^^=0 peak. Since 
it is reasonable to expect that HNQ reacts with the putative Fe^=0 (or por'^*-Fe^=0) 
intermediate, to give epoxide via a mechanism of heterolytic 0 - 0  bond cleavage, but
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with regeneration of Fe°^, the fact that HNQ gave no enhancement of the Fe™:H202 
peak suggests that it might not be formed in these reactions after all.
The presence of HNQ did allow the rate constants of the reaction to be cleanly 
measured, and the observed rate constant was seen to be proportional to the 
concentration of H2O2 and independent of the concentrations of the substrate, and also 
dependent on the catalyst only at high concentration of Fe-1 (over 10 pM). Finally the 
value of observed rate constant of the reaction was found to increase as the 
temperature is increased.
Based on these results, the mechanism of the reactions investigated can be mapped 
out as shown (Scheme 6.3). The speculative path to Fe^=0 would, of course, only be 
significant at high substrate levels.
Fe + H2O2 
4iax 404 nm
kf = 4.4 s'
hr = 54.3 M s'
logK  = 2.39 M
—  F e : H 2 0 2  •
Xmax 388 nm
logK =5.21
FeiHNQ 
388 nm
F e ''= 0
■ F e ' V c O
\nax 408 ran 
HNQ
no reaction
Scheme 6.3 Full mechanism of reaction
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6.2 Future Work
Many sections of the mechanism of the reaction were explored in this work, but other 
parts still need further exploration. The existence of the intermediate F e^ = 0  was 
shown in this work and it is found in other works. But its reactivity is not very much 
explored. It might be possible to use low concentrations of H2O2 to try to force the 
reaction to give F e^ = 0  predominantly. The reactivity of this including the kinetics of 
its reaction with H2O2 and possibly organic substrates could then be explored using 
the double-mixing stopped flow technique.
The reasons for using the HNQ substrate were explained in the thesis. But it would be 
useful to see the effect of the alkenes commonly used by other researchers, e.g. 
cyclooctene, cyclohexene and styrene or stilbene. It would probably be necessary to 
use higher concentrations of these alkenes to see clear evidence of complexation.
The question of Fe^=0 (por^’-F e^= 0) is still not resolved. It might be possible to 
explore for this using much lower temperature operation of the stopped-flow system.
Although a range of solvent mixtures of MeOH-DCM was investigated here, it would 
be interesting to see the effect of other solvents. There are problems using water 
solvent and the hydrophobic Fe-1, but MeCN could be used, and possibly some added 
water.
Apart from the perfluorinated iron porphyrin used for much of this work, it would be 
very interesting to extend this study to other metalloporphyrins. The first one to try 
would be the simple tetraphenylporphyrin iron chloride that was briefly investigated 
here. This catalyst has been very little investigated with H2O2 because it decays 
rapidly, but the stopped-flow system might allow this problem to be overcome.
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The HNQ substrate seems to be a very useful one for use in UV-Vis monitoring of 
these reactions, but more study is needed of its steady-state (i.e. after 10 s) kinetics 
and mechanism, not just with catalyst Fe-1 used here, but also with 
tetraphenylporphyrin iron chloride and other metalloporphyrin catalysts.
In the literature there is much research using special porphyrins that have been 
designed. Within the Cunningham group has been made a tetraphenylporphyrin with a 
cinnamyl arm extending over the porphyrin ring (from the ortho position of one meso- 
phenyl ring). If this could be modified to bring an oxidant (e.g. a hydroperoxide, or a 
peroxyacid) near to the Fe, it would probably give very efficient and interesting 
kinetics and mechanism.
Alternatively, it might be used to bring a substrate near to the central M =0 in the 
reactive intermediate. As with the work here, the stopped-flow system would take 
advantage of its ability to study the reaction in the important first 1 s.
Finally, it would be interesting to study metalloporphyrins with more unusual metals, 
such as Zn, Cu, Co, Ru, and Os. The literature does not report these as very good 
catalysts, but it is not clear if the problem lies with their ability to interact with the 
oxidant, or with the abihty of any intermediate to interact with substrate.
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